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Saline coastal wetlands, particularly mangrove and saltmarsh, are globally recognised as 
valuable sinks of organic carbon. Increasing awareness of the need to mitigate 
anthropogenic climate change has led to considerable interest in the capacity of mangrove 
and saltmarsh to sequester atmospheric carbon. Previous research has focused on 
quantifying and characterising carbon in coastal wetlands, however carbon storage 
services provided by coastal wetlands are not homogeneous, and our understanding of the 
spatial variability remains limited. Spatial variation at smaller scales (i.e. within a 
wetland) is yet to be adequately described, likely due to current approaches that do not 
account for variation within broad vegetation units (i.e. mangrove and saltmarsh) across 
the intertidal zone. This may be particularly pronounced in structurally complex 
temperate coastal wetlands where mangrove and saltmarsh co-exist, such as southeast 
Australia. The aim of this thesis was to demonstrate that spatial variation in vegetation 
structure can describe variation in above-ground biomass and surface soil carbon storage 
within a wetland. 
Spatial complexity in vegetation structure was initially established in this thesis by 
delineating wetland vegetation using innovative remote sensing analysis. A semi-
automated method was developed, using high resolution imagery and Lidar coupled with 
an object-orientated approach, resulting in greater than 90% classification accuracy for 
all study sites. Above-ground carbon storage was estimated for mangrove and saltmarsh 
to identify the spatial scale that optimises efficiency and accuracy. Carbon storage was 
dependent on three factors: accurate assessment of biomass; quantification of carbon 
content in biomass; and delineation of vegetation extent that recognised vegetation 
structure. Terrestrial laser scanning (TLS) was used to develop and apply a non-
destructive approach to estimate biomass of structurally complex coastal wetland 
vegetation. A new modelling method was developed, providing TLS biomass estimates 
consistent with traditional mangrove allometrics and saltmarsh harvesting. Surface soil 
carbon storage was explored across an intertidal gradient, demonstrating significant 
variation can be accounted for by vegetation structure and sedimentary influences on soil 
carbon content. Carbon in deeper sediment may not correspond to processes operating at 
the wetland surface and require consideration of previous environmental conditions. 
iii 
Vegetation distribution and structure, as an expression of broad physiological tolerance 
to edaphic conditions (i.e. anoxia and soil salinity), exhibit considerable influence on 
carbon storage across the intertidal zone. Significant spatial variation of biomass and 
carbon in this thesis was described by vegetation structure, demonstrating that variation 
at smaller scales (i.e. within a wetland) can be equivalent to variation reported at larger 
scales (e.g. between sites, regions). Current methodologies that outline sampling and 
reporting protocols for Intergovernmental Panel on Climate Change (IPCC) tier 3 
assessments, required for carbon accounting, do not adequately describe variation of 
carbon storage within a wetland. This can significantly influence estimates of biomass 
and carbon and reduce the confidence necessary for reporting carbon storage for national 
carbon accounts, and carbon off-setting initiatives. As an outcome of this thesis, a 
stratified sampling approach is provided for future carbon storage assessments in coastal 
wetlands.   
iv 
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2 
1.1 Introduction 
Coastal ecosystems, particularly mangrove and saltmarsh, provide essential ecosystem 
services that have widespread benefits (Ewel et al., 1998; Zelder and Kercher, 2005; 
Barbier et al., 2011; Lee et al., 2014; Kelleway et al., 2017a). In particular, coastal 
ecosystems play an important role in the global carbon cycle due to their high rates of 
productivity and turnover of organic matter (Sahagian and Melack, 1988; Duarte et al., 
2005, 2013; Bouillon, 2011; Maher et al., 2013). Carbon storage potential of mangrove 
and saltmarsh vegetation has been recognised for some time (Twilley et al., 1992), 
however widespread awareness of this benefit to society as an important ecosystem 
service has led to considerable efforts to quantify this service (Chmura et al., 2003; 
Bouillon et al., 2008; Donato et al., 2011; Mcleod et al., 2011). There is particular interest 
in the role of coastal ecosystems as sinks of atmospheric carbon and their capacity to help 
counterbalance anthropogenic climate change (Mcleod et al., 2011; Siikamaki et al., 
2012; Sutton-Grier and Moore, 2016; Lovelock et al., 2017). 
Coastal vegetated ecosystems, mangrove, saltmarsh and seagrass, have been termed ‘blue 
carbon’ ecosystems due to their unique capacity as marine vegetation to sequester and 
store organic carbon (Nellemann et al., 2009). Blue carbon ecosystems sequester 
atmospheric carbon into biomass in the short term and eventually into sediment over the 
long term, potentially over millennial time scales, and are regarded to have longer storage 
capacity than terrestrial ecosystems (Chambers et al., 2001; Duarte et al., 2005; Lo Iacono 
et al., 2008; Nellemann et al., 2009; Mcleod et al., 2011). Their unique carbon storage 
capacity is linked to saline waterlogged conditions that slow the rate of microbial 
breakdown and limit the release of greenhouse gases to the atmosphere (Kristensen et al., 
2008; Mcleod et al., 2011). Blue carbon ecosystems are disproportionately valuable 
relative to their global extent, contributing nearly 50% of the carbon burial in marine 
sediments, despite occupying just 0.2% of the ocean surface (Chmura et al., 2003; 
McLeod et al., 2011; Fourqurean et al., 2012; Duarte et al., 2013).  
Despite considerable attention given to carbon storage services provided by coastal 
wetland vegetation, our understanding of the spatial variation of carbon storage is limited 
(Gilman et al., 2008; Mcleod et al., 2011; Hansen and Nestlerode, 2013; Hayes et al., 
2017, Rogers et al., 2018). Research has focused largely on understanding the role coastal 
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wetlands play in the carbon cycle by measuring and characterising carbon in these 
systems (Mcleod et al., 2011). Global comparisons suggest highest rates of carbon 
sequestration and greatest carbon storage coincide with low energy tropical coastlines, 
typical of highly productive mangrove forests (Chmura et al., 2003; Donato et al., 2011; 
Alongi, 2014; Atwood et al., 2017). Lower carbon storage is associated with temperate 
environments, typical of saltmarsh habitat or stunted mangrove forests, as long-term 
carbon storage is less conducive in cooler climates (Alongi et al., 2003; Chmura et al., 
2003; Mitsch et al., 2013). However, trends identified in coastal wetland carbon storage, 
described at continental and global scales, may not translate to trends identified at local 
and regional scales. This may be more pronounced in areas where vegetation distribution 
and structure is complex, such as regions where mangrove and saltmarsh co-exist. 
Spatial variation of carbon storage has been recognised in recent research, demonstrating 
significant variation within broad vegetation units (i.e. mangrove and saltmarsh) 
associated with species composition and vegetation distribution (Lovelock, 2008; Howe 
et al., 2009; Castañeda-Moya et al., 2013; Lovelock et al., 2013; Saintilan et al., 2013; 
Ewers Lewis et al., 2017; Kelleway et al., 2017b; Macreadie et al., 2017b; Ellison and 
Beasy, 2018). In addition, variation in carbon storage has been observed at local and 
regional scales between different geomorphic settings (Donato et al., 2011; Rovai et al., 
2018), geomorphic units within estuaries (Saintilan et al., 2013; Kelleway et al., 2016; 
Hayes et al., 2017; Macreadie et al., 2017b; van Ardenne et al., 2018), and across 
environmental gradients including forest age (Osland et al., 2012; Bulmer et al., 2016b; 
Marchand, 2017; Walcker et al., 2018) and transitional ecotones (Kelleway et al., 2015; 
Yando et al., 2016). These studies demonstrate that caution should be exercised when 
making broad conclusions about spatial variability of carbon storage, particularly at larger 
spatial scales. Indeed, observations at different spatial scales (e.g. regional, global) can 
provide equivocal results and may lead to erroneous conclusions. This is likely caused by 
variation at smaller scales (i.e. within a wetland) that has not been adequately described. 
Carbon storage in coastal wetlands can be described by processes that influence carbon 
additions and carbon losses. Processes operate at different spatial scales and have been 
described across large spatial extents (e.g. national, continental, global). At the global 
scale, temperature and rainfall have been suggested to influence large scale variability in 
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carbon storage (Twilley et al., 1992; Saenger and Snedaker, 1993; Chmura et al., 2003; 
Hutchison et al., 2014; Jardine and Siikamäki, 2014; Sanders et al., 2016; Estrada and 
Soares, 2017; Feher et al., 2017). Recent evidence indicates that regional influences, such 
as geomorphology, tide regime and sediment composition have considerable effect on 
carbon variability and must be recognised (Kelleway et al., 2016; Atwood et al., 2017; 
Macreadie et al., 2017b; Rogers et al., 2018; Rovai et al., 2018; van Ardenne et al., 2018). 
These processes describe some variation within a wetland, where different geomorphic 
units exhibit significant variation in carbon storage due to underlying substrate properties 
and edaphic conditions, influencing soil salinity and anoxia (Saintilan et al., 2013; 
Kelleway et al., 2016; Hayes et al., 2017; Macreadie et al., 2017b; Xiong et al., 2018). 
Vegetation distribution and structure within a wetland broadly reflect physiological 
tolerance to edaphic conditions (i.e. anoxia and soil salinity). This is expected to have 
considerable influence on carbon storage within a wetland as vegetation composition (i.e. 
mangrove and saltmarsh) influences carbon storage in above-ground biomass and carbon 
additions to surface sediments. In addition, carbon losses through decomposition are 
influenced by edaphic factors, where high soil salinity can inhibit methanogenesis, while 
anoxia slows organic decomposition (Kristensen et al., 2008; Dise, 2009; Fourqurean et 
al., 2012). Edaphic conditions vary spatially across the intertidal zone, influenced by the 
interaction of tides, freshwater contributions and underlying geomorphology. Spatial 
variation of carbon storage across the intertidal zone has been examined in previous 
studies (Morris et al., 2002; Bulmer et al., 2016b; Hayes et al., 2017), however underlying 
processes that influence carbon additions and carbon losses have been overlooked. 
Carbon off-setting initiatives such as Reducing Emissions from Deforestation and Forest 
Degradation (REDD+) and Australia’s Emission Reduction Fund (ERF), designed to 
reduce global carbon emissions, provide an opportunity to conserve and restore coastal 
wetlands and the ecosystem services they provide (Alongi et al., 2015; Kelleway et al., 
2017c). Fundamental to these off-setting initiatives is the accurate assessment of carbon 
storage in vegetated ecosystems (Gibbs et al., 2007; Chave et al., 2014; Thomas, 2014). 
However, current guidelines do not provide the confidence necessary for estimating 
carbon storage in coastal wetlands. In particular, tier 1 and tier 2 assessments outlined by 
the Intergovernmental Panel on Climate Change (IPCC) have considerable uncertainty 
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and very limited value in application (Gibbs et al., 2007; Kauffman and Donato, 2012; 
Howard et al., 2014; Kelleway et al., 2017c). Tier 3 assessments are required for 
accurately quantifying carbon storage, yet standard methodologies that outline sample 
design, analysis and reporting do not adequately describe spatial variation of carbon 
within a wetland (i.e. Kauffman and Donato, 2012; VCS, 2013, 2014, 2015; Howard et 
al., 2014). Variability at smaller scales can significantly influence carbon and must be 
recognised when extrapolating ground measures to larger spatial extents. There is a need 
to optimise efficiency and accuracy of carbon storage assessments suitable for reporting 
carbon storage for national carbon accounts and carbon off-setting initiatives. 
1.2 Research rationale 
Coastal wetlands are recognised as valuable sinks of organic carbon (Chmura et al., 2003; 
Duarte et al., 2005; Atwood et al., 2017). However, current understanding of spatial 
variability associated with coastal wetland biomass and carbon is limited (Mcleod et al., 
2011; Estrada and Soares, 2017). Recent research has focused on characterising carbon 
at larger spatial scales (e.g. national, continental, global) (Bouillon et al., 2008; Kristensen 
et al., 2008; Hutchison et al., 2014; Rovai et al., 2016; Sanders et al., 2016; Estrada and 
Soares, 2017; Hinson et al., 2017; Atwood et al., 2017; Rovai et al., 2018; Sanderman et 
al., 2018). Vegetation structure within a wetland likely exhibits considerable influence on 
carbon storage. Indeed, this may be particularly pronounced in structurally complex 
temperate coastal wetlands where mangrove and saltmarsh co-exist, such as southeast 
Australia. 
Current methodologies that outline sampling and reporting protocols required for tier 3 
assessments do not adequately describe variation of carbon storage within a wetland. 
These methodologies focus on broad vegetation units (i.e. mangrove, saltmarsh, 
seagrass), combined with coarse scale mapping to extrapolate to larger spatial extents (i.e. 
Kauffman and Donato, 2012; VCS, 2013, 2014, 2015; Howard et al., 2014). Accurate 
quantification of carbon storage is dependent upon accurate assessment of biomass, 
sediment character (i.e. bulk density, grain size), carbon content, and the extent of 
vegetation for which carbon storage is being assessed at the scale that reflects high 
resolution carbon measurements. To improve carbon storage assessments, a new stratified 
sampling approach is required to describe variability of biomass and soil carbon storage 
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at smaller scales, providing the confidence necessary for carbon storage inventories. This 
thesis presents innovative approaches for characterising biomass and surface soil carbon 
storage (i.e. upper 30 cm) within a wetland, identifying the spatial scale that recognises 
smaller scale variation in vegetation structure while optimising efficiency and accuracy 
of assessment. This will provide an improved understanding of temperate coastal 
wetlands as valuable sinks of organic carbon. 
1.3 Aims and objectives 
Edaphic conditions (i.e. anoxia and soil salinity) exert considerable influence on carbon 
storage in coastal wetlands, influenced by the interaction of tides, freshwater 
contributions and underlying geomorphology. Vegetation distribution and structure 
within a wetland broadly reflect physiological tolerance to edaphic conditions, and this 
likely correlates to variation in biomass and carbon additions to substrates. Characterising 
vegetation structure may be key to identifying spatial variability in carbon storage across 
the intertidal. Indeed, vegetation structure, delineated at high resolution, may be used to 
more accurately estimate carbon storage at smaller spatial scales. 
The aim of this thesis was to demonstrate that spatial variation in vegetation structure can 
describe variation in above-ground biomass and surface soil carbon storage within a 
wetland. Current approaches to quantifying biomass and soil carbon storage rely upon 
extrapolation of ground measured estimates to larger spatial extents (e.g. national, 
continental, global), yet do not adequately describe or model the variation in carbon that 
can occur over smaller spatial scales (i.e. within a wetland). This can significantly 
influence estimates of carbon and reduce the confidence necessary for reporting carbon 
storage for national carbon accounts, and carbon off-setting initiatives. This research 
contributes towards efforts to improve methods for estimating carbon storage and provide 
greater confidence in carbon storage assessments. 
This will be achieved by undertaking the following objectives: 
1. Delineating wetland vegetation, particularly mangrove and saltmarsh, to identify 
spatial complexity in vegetation structure 
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2. Identifying the spatial scale that optimises efficiency and accuracy of above-
ground carbon storage assessment 
3. Developing and applying non-destructive techniques using terrestrial laser 
scanning (TLS) to estimate biomass of structurally complex coastal wetland 
vegetation 
4. Exploring the variation in surface soil carbon storage (i.e. upper 30 cm) across an 
intertidal gradient using a stratified sampling approach that recognises vegetation 
structure 
1.4 Thesis structure 
This thesis consists of an introduction and research rationale (this chapter), background 
(Chapter 2), four experimental chapters detailing original research carried out as part of 
this thesis (Chapters 3-6), and concludes with a thesis synthesis (Chapter 7). This thesis 
has been prepared in journal article compilation style format. A concerted effort has been 
made to avoid repetition, however as a result of style format some repetition in content 
does occur. In particular each experimental chapter contains a section on study site. 
Although there is repetition in description, as some sites are similar across chapters, each 
study site section is specific to the chapter, providing necessary information for the 
context of the experiment. 
Chapter 2: Background 
A review of literature pertaining to spatial variation of coastal wetland biomass and 
carbon is detailed in this chapter. The background chapter is necessary to establish context 
for the experimental chapters as part of this thesis. This chapter introduces saline coastal 
wetlands and ecosystem services including carbon storage, detailing the present state of 
knowledge about above- and below-ground carbon storage, including its variation and 
methods of assessment. 
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Chapter 3: Identifying spatial variability and complexity in wetland vegetation using 
an object-based approach 
Mangrove and saltmarsh in southeast Australia conform to one of several dominant 
structural forms. This chapter delineates wetland vegetation, particularly mangrove and 
saltmarsh, to identify spatial complexity in vegetation structure. Conventional mapping 
methods inadequately describe the three-dimensional structure of coastal wetland 
vegetation. In this study vegetation structure was delineated using innovative remote 
sensing analysis. Lidar was coupled with object-based image analysis (OBIA) to develop 
a semi-automated method for delineating mangrove and saltmarsh vegetation structure 
for southeast Australia. 
This chapter has been published as a peer-reviewed journal article. 
Owers, C.J., Rogers, K., Woodroffe, C.D., 2016b. Identifying spatial variability and 
complexity in wetland vegetation using an object-based approach. International Journal 
of Remote Sensing, 37(18), 4296-4316. 
Chapter 4:  Spatial variation of above-ground carbon storage in temperate coastal 
wetlands 
Current approaches to quantifying above-ground biomass and carbon storage do not 
adequately consider spatial variation of mangrove and saltmarsh structure. This chapter 
identifies the spatial scale that optimises efficiency and accuracy of above-ground carbon 
storage assessment. Allometric equations were developed and applied to quantify 
mangrove biomass. This includes the first allometric equations developed for mangrove 
in southeast Australia. Saltmarsh biomass was also quantified for dominant species 
present. Recognising variation in biomass and carbon content of mangrove and saltmarsh 
vegetation structure will enhance the accuracy of estimates of carbon storage, providing 
the confidence necessary for national carbon accounts and carbon off-setting initiatives. 
This chapter has been published as a peer-reviewed journal article. 
Owers, C.J., Rogers, K., Woodroffe, C.D., 2018a. Spatial variation of above-ground 
carbon storage in temperate coastal wetlands. Estuarine, Coastal and Shelf Science, 210, 
55-67. 
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Chapter 5: Terrestrial laser scanning to quantify above-ground biomass of 
structurally complex coastal wetland vegetation 
Traditional methods for providing accurate above-ground biomass estimates, destructive 
harvesting, have clear detrimental consequences to vegetation health. This is particularly 
concerning given the conservation status of mangrove and saltmarsh in southeast 
Australia. In this study TLS as a non-destructive technique was used to estimate biomass 
of structurally complex coastal wetland vegetation. Conventional modelling techniques 
were applied and compared to biomass estimates using traditional mangrove allometrics 
and saltmarsh harvesting. A new modelling approach was developed that is highly 
effective, and optimises efficiency and accuracy. This is the first study to determine 
biomass of structurally complex mangrove and saltmarsh vegetation using TLS. 
This chapter has been published as a peer-reviewed journal article. 
Owers, C.J., Rogers, K., Woodroffe, C.D., 2018b. Terrestrial laser scanning to quantify 
above-ground biomass of structurally complex coastal wetland vegetation. Estuarine, 
Coastal and Shelf Science, 204, 164-176. 
Chapter 6: Spatial variation of surface soil carbon storage in temperate coastal 
wetlands 
Edaphic conditions (i.e. anoxia and soil salinity) exert considerable influence on carbon 
storage in coastal wetlands, accounting for carbon additions by vegetation and carbon 
losses through decomposition. This chapter explores the variation in surface soil carbon 
storage (i.e. upper 30 cm) across an intertidal gradient. Vegetation distribution and 
structure, as well as sedimentary controls on carbon content, described significant 
variation in carbon storage. A stratified sampling approach that recognises vegetation 
structure provides the capacity to account for variability of carbon within a wetland that 
cannot be described by current sampling protocols. 
Some of the results in this chapter have been published as a peer-reviewed journal article. 
Owers, C.J., Rogers, K., Mazumder, D., Woodroffe, C.D., 2016a. Spatial Variation in 
Carbon Storage: A Case Study for Currambene Creek, NSW, Australia. In: Vila-Concejo, 
A., Bruce, E., Kennedy, D.M., McCarroll, R.J., (eds.) Proceedings of the 14th 
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International Coastal Symposium (Sydney, Australia). Journal of Coastal Research, 
Special Issue, 75, 1297-1301. 
Chapter 7: Synthesis 
The results and outcomes reported in each experimental chapter have implications for 
quantifying biomass and carbon storage in temperate coastal wetlands. This thesis 
presents new methods of assessment that optimise efficiency and accuracy to quantify 
carbon storage at a scale representative of spatial variability within a wetland. This 
chapter provides a synthesis of the thesis research outcomes, describing spatial variation 
of carbon storage within a wetland by providing a stratified sampling approach that 
accounts for vegetation structure. It is anticipated that recommendations provided as part 
of this thesis will inform better practices for reporting carbon storage for national carbon 
accounts and off-setting initiatives. 
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2.1 Saline coastal wetlands 
2.1.1 Vegetation 
Mangrove and saltmarsh are the primary vegetative ecosystems occupying the margin 
between land and sea (Saenger, 2002; Townend et al., 2011). As tidally influenced 
habitats, mangrove and saltmarsh are restricted to the intertidal zone, typically occurring 
above mean sea level (MSL) to the limit of the highest astronomical tide (HAT). They 
are halophytic plants capable of establishing and thriving under saline waterlogged 
conditions that are not suitable for other vegetation types (Adam, 1990; Hogarth, 1999).  
Mangroves are woody plants that are diverse in structure, and present in many forms such 
as trees, shrubs, palms or ground ferns (Duke, 2006). Mangroves comprise approximately 
70 genetically diverse species across the world (Ellison and Farnsworth, 2001; Spaulding 
et al., 2010). Distinct morphological and physiological adaptations have been developed 
by mangroves to tolerate environmental conditions. Most notably, mangroves exhibit 
aerial roots to allow for gas exchange, providing efficient oxygen transport to roots and 
tissues below the surface, particularly when the soil surface is waterlogged resulting in 
reduced oxygen diffusion (Tomlinson, 1986; Hogarth, 1999; Prasad, 2011). Their high 
tolerance to saline conditions is associated with mechanisms to exclude or extrude salt in 
tissues. For example, salt glands on leaves facilitate extrusion, as present in genus 
Avicennia and Aegiceras, whilst filtration of salts at the surface of roots assists with 
preventing damage from salinisation (Krishnamurthy et al., 2014). These adaptations 
together contribute to controlling the tolerance of individual species to salinity and anoxia 
(Ball, 1988; Saenger, 2002). 
Despite these adaptations, conditions do constrain establishment and growth, resulting in 
distinct zonation of mangrove species and varying morphological forms in response to 
environmental gradients. Tides play an important role in mangrove distribution with 
favourable growth conditions often associated with mangrove forests that receive daily 
tidal flooding that regulates salinity and nutrient loading (Lugo and Snedaker, 1974; 
Woodroffe, 1992; Saenger, 2002; Alongi, 2009; Castañeda-Moya et al., 2013). Mangrove 
forests receiving less frequent tidal inundation are often stunted due to high 
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evapotranspiration and irregular flooding that combine to influence salinity, and can 
produce hypersaline conditions (Tomlinson, 1986; Hogarth, 1999). 
Saltmarsh communities are dominated by forbs, grasses, sedges, rushes and small shrubs 
(Adam, 1990). As they occupy a similar environment niche to mangroves, saltmarsh 
plants also exhibit morphological and physiological adaptations to saline and waterlogged 
substrates (Adam et al., 1988). Salt regulation in shoots includes adaptations such as 
exclusion and ion regulation by development of succulence, excretion through salt glands, 
as well as reduced transpiration (Adam, 1990). For waterlogged conditions, saltmarsh 
plants exhibit high porosity of root and rhizome tissue (up to 60%), reducing the 
resistance to gaseous diffusion and enabling sufficient oxygen delivery when inundated 
from the tide (Armstrong, 1982). 
Saltmarsh species vary considerably in their salt tolerance and capacity of substrate to 
remain waterlogged for extended periods of time (Morrisey, 1995). It is therefore not 
surprising that saltmarsh distribution is influenced by edaphic factors mediated by tidal 
amplitude and frequency (Rogers et al., 2017a). Rush species, such as Juncus kraussii, 
are commonly distributed towards the landward edge of the intertidal where salinities 
may be reduced due to local freshwater inputs (Boon et al., 2015). Conversely lower 
intertidal habitats are dominated by forbs and grasses, such as Sporobolus virginicus, 
Samolus repens, Sarcocornia quinqueflora, where relatively frequent tidal inundation 
stabilises saline conditions (Adam et al., 1988; Clarke and Jacoby, 1994; Zedler et al., 
1995).  
2.1.2 Global distribution 
Mangrove and saltmarsh vegetation, though sharing similar intertidal environments, have 
dissimilar distribution around the world (Figure 2.1). Mangrove extent is principally 
confined to tropical and sub-tropical coastlines, with latitudinal limits that generally 
coincide with the 20˚C winter isotherm for sea surface temperature (Duke et al., 1998). 
This is largely due to physiological intolerance to sub-freezing temperatures, however 
availability of suitable habitat for establishment is likely a contributing factor (Woodroffe 
and Grindrod, 1991; Krauss et al., 2008; Saintilan et al., 2014; Saintilan and Rogers, 2014; 
Osland et al., 2017). Conversely, saltmarsh distribution is not as limited by climate, 
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present in tropical, temperate and arctic regions around the world (Adam, 1990; Mcowen 
et al., 2017).  
Mangrove species diversity is greatest along humid tropical coastlines where diversity 
and productivity decrease with increasing latitude (Tomlinson, 1986; Alongi, 2009; 
Osland et al., 2017). At latitudinal extremes mangroves are often dominated by cold 
tolerant monospecific stands, such as Avicennia marina (Saintilan et al., 2014). Saltmarsh 
exhibit increased species diversity at higher latitudes, whilst monospecific stands are 
common in tropical settings (e.g. Sporobolus virginicus extent in northern Australia) 
(Adam, 1990; Friess et al., 2012; Duggan et al., 2014). 
Mangrove global extent has recently been estimated to cover approximately 83, 000 km2 
of the earth’s surface (Hamilton and Casey, 2016), however has previously been 
suggested to cover between 138, 000 and 150, 000 km2 (Spalding et al., 2010; Giri et al., 
2011). Similarly, global estimates of saltmarsh extent vary considerably, from 22, 000 to 
400, 000 km2 (Mcleod et al., 2011; Duarte et al., 2013). These substantial discrepancies 
are due to challenges in mapping mangrove and saltmarsh, particularly distinguishing 
coastal wetland vegetation from other land use, as well as identifying habitat loss 
(Mcowen et al., 2017). Due to overlapping latitudinal distribution, mangrove and 
saltmarsh co-exist in some areas across the world, including Australia, New Zealand, 
Brazil, North America, and southern Africa (Saintilan and Rogers, 2014). 
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Figure 2.1 Global distribution of recorded a) mangrove and b) saltmarsh vegetation. Data sources: 
Saltmarsh coverage data are from the United Nations Environment Programme World Conservation 
Monitoring Centre (UNEP-WCMC). Mangrove coverage data are from UNEP-WCMC in collaboration 
with the International Society for Mangrove Ecosystems (ISME). Imagery © ESRI Basemaps. 
Mangrove and saltmarsh are intertidal coastal wetlands that occupy areas where low 
energy hydrodynamic conditions are suitable for establishment and growth (Thom, 1967; 
Boyd et al., 1992; Allen, 2000). Commonly they are associated with estuaries and deltas, 
where wave energy is low or attenuated, enabling deposition of finer grain sediment that 
encourages wetland establishment (Woodroffe, 2003). Estuaries are morphologically 
diverse, influencing the distribution and extent of coastal wetlands (Thom, 1982; 
Woodroffe, 1992; Pye and French, 1993; Allen, 2000), and can be described by the degree 
of influence of tidal exchange, wave climate, and discharge of the upstream river 
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(Woodroffe, 2003). These broad hydrodynamic influences on estuaries have been 
recognised as a continuum whereby interactions of these influences alter the shape and 
extent of suitable area for coastal wetland development (Woodroffe, 1992). 
River-dominated estuaries are associated with rivers that receive large sediment loads 
from geologically young and tectonically active headwaters, common in large tropical 
rivers (Woodroffe, 1992). Mangrove and saltmarsh distribution along river-dominated 
environments typically occur on the active deltaic plain, however this varies with the 
degree of tide or wave influence on the coastline (Woodroffe, 2003). Tide-dominated 
estuaries are common in macrotidal environments, often exhibiting extensive channels 
tapering with distance from the coast and wide entrances that connect the river to the sea 
(Woodroffe, 1992). Mangrove and saltmarsh cover can be widespread in these 
environments, extending from the estuary mouth to tidal limit particularly in landscapes 
with vast areas of low-lying floodplains (Thom, 1982; Woodroffe, 1992, 2003). Coastal 
wetlands on wave-dominated coastlines often occupy areas where sand barriers or ridges 
separate the estuary from the open coast. These barriers dampen wave energy and often 
attenuate tides to create suitable conditions for coastal wetland establishment, however 
mangrove and saltmarsh are not as extensive in wave-dominated environments compared 
to river- or tide-dominated environments (Roy et al., 2001; Woodroffe, 2003). 
2.1.3 Distribution within an estuary 
As intertidal communities, mangrove and saltmarsh are positioned near sea level. 
Stratigraphic evidence suggests that mangrove and saltmarsh have been responding to 
changes in sea level for the past 8, 000 years (Woodroffe, 1990; Allen, 2000). During the 
last glacial maximum, 18, 000 to 20, 000 years BP (before present), sea level was 
approximately 120 m below present-day sea level (Gornitz, 1995), rising to present-day 
levels approximately 6, 000 years BP (Clarke et al., 1978; Roy and Thom, 1981; Thom 
and Roy, 1985). Sea-level change over the Quaternary, and particularly the Holocene, has 
strongly influenced estuary formation, position, and evolution at the coast (Kench, 1999; 
Woodroffe, 2003). 
Estuaries are sediment sinks and their evolution over the Holocene can be defined by the 
degree of sediment infill (Woodroffe, 2003). The rate of infill is dependent on both river 
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and marine sources of sediment, as well as geographic size of the estuary basin (Roy, 
1984). This is predominantly river influenced as an estuary matures from landward to 
seaward (Kench, 1999). Coastal wetland extent over the Holocene corresponds to the 
degree of sediment infill associated with an estuary. Younger systems have a larger 
proportion of open water that restrict mangrove and saltmarsh establishment to fringing 
areas along banks (Roy, 1984). As an estuary infills, large coastal plains can form where 
extensive areas of mangrove and saltmarsh can establish (Woodroffe, 2003). 
Mangrove and saltmarsh distribution in an estuary is linked to geomorphic units (Thom, 
1982; Woodroffe, 1992; Kench, 1999). These units describe geomorphological 
characteristics of an estuary including substrate type, elevation, and tidal range, where 
mangrove and saltmarsh preferentially occur in areas with conditions suitable for 
establishment and growth. Mangrove and saltmarsh can be widespread on tide-dominated 
coasts where considerable degree of sediment infill creates extensive coastal floodplains 
(Woodroffe et al, 1985; Woodroffe, 1992; Pye and French, 1993; Allen, 2000). Barrier 
estuaries, common on wave-dominated coastlines, restrict mangrove and saltmarsh 
development to fluvial and flood-tide deltas where intertidal habitats have suitable 
substrate and encourage establishment and growth (Roy, 1984; Roy et al., 2001). These 
geomorphic units can migrate or change relative extent in an estuary due to changes in 
sedimentation and hydrodynamics (Woodroffe, 2003). This can alter wetland extent, 
creating areas suitable for mangrove and saltmarsh establishment, as well as elevating 
areas beyond tidal limits less suitable for growth (Rogers et al., 2017a). 
Distribution of mangrove and saltmarsh within a geomorphic unit varies with the effects 
of tidal inundation. Edaphic conditions create environmental gradients that influence 
mangrove and saltmarsh establishment and growth, often resulting in defined zones 
broadly associated with tidal inundation (Rogers et al., 2017a). In northern Australia 
mangrove zonation can be particularly distinct, comprised of a seaward zone dominated 
by Avicennia and Sonneratia, followed by a zone of Rhizophora, then Ceriops, and finally 
a landward zone of stunted Avicennia (Woodroffe, 2003).  It is important to note that 
these distinct zones do not demarcate the limit of one species to another, rather a 
continuum where zonal boundaries overlap in the intertidal zone (Ellison et al., 2000). 
Like mangrove, saltmarsh exhibits response to environmental gradients, classified 
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broadly as high marsh and low marsh associated with position in the tidal frame (Allen, 
2000; Choi and Wang, 2004; Sainty et al., 2012). In Australia, high marsh stands are 
dominated by brackish perennial grasses that fringe the upland forest, likely receiving 
freshwater inputs, followed by rush and sedge species that are tolerant to higher salinities 
and often located in the upper intertidal where high evapotranspiration can assist with 
concentrating salts. Low marsh consist of many succulent species and herb fields that 
occupy areas that are more frequently inundated where salinity fluctuations are regulated 
(Adam, 1990; Choi et al., 2001; Saintilan, 2009b; Sainty et al., 2012). 
Environmental gradients within a geomorphic unit also influence mangrove and saltmarsh 
structure and function (Twilley et al., 1992, 1999; Adame et al., 2010; Castañeda-Moya 
et al., 2013). Mangrove and saltmarsh exhibit various physiological and morphological 
adaptations in response to edaphic conditions (i.e. anoxia and soil salinity) (Adam, 1990; 
Saenger, 2002; Alongi, 2009; Saintilan, 2009a). A widely used classification developed 
by Lugo and Snedaker (1974) for mangroves in south Florida attempts to describe 
structural variability and associated forest function. They identify six categories to 
describe geophysical and ecological processes that account for the functional diversity of 
mangrove stands (Figure 2.2). However, their classification scheme has been criticised as 
it may oversimply the relationship between forest structure and function, particularly as 
several ecological types can co-occur in one geomorphic unit, suggesting that their 
classification does not adequately demarcate forest function (Woodroffe, 1992; Twilley 
et al., 1999). There is an interplay between habitat suitability, structural complexity and 
vegetation function that has not fully been resolved in relation to environmental gradients 
(Woodroffe et al., 2016). Geomorphic units that correspond to suitable conditions for 
coastal wetland establishment vary spatially, as do physiological and morphological 
characteristics of mangrove and saltmarsh within suitable geomorphic units. 
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Figure 2.2 Proposed functional types of mangrove forest. After Lugo and Snedaker (1974), Woodroffe 
(1992). 
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The extent of intertidal habitat within an estuary that mangrove and saltmarsh occupy, as 
well as potential area of occupation, is defined as accommodation space (Figure 2.3). 
Broadly, accommodation space for mangrove and saltmarsh is the upper and lower 
bounds in the tidal frame within which mangrove and saltmarsh vegetation can establish 
(Adam, 2002; Woodroffe et al., 2016). Accommodation space is a function of sea level 
and sedimentation and can be described in terms of available accommodation space (i.e. 
sediment surface to upper bounds of tidal limit), and potential accommodation space (i.e. 
areas that could become available accommodation space with an increase in upper bounds 
of tidal limit) (Woodroffe et al., 2016, Rogers et al., in review). Accommodation space 
usually increases from landward to the seaward edge, however is spatially variable due 
to complex patterns of inundation and elevation (Woodroffe et al., 2016).  
 
Figure 2.3 Conceptualised accommodation space in coastal wetlands. HAT; highest astronomical tide, 
MSL; mean sea level. After Woodroffe et al. (2016). 
Coastal wetland vegetation contributes to changing available accommodation space. 
Mangrove and saltmarsh have capacity to vertically accrete by trapping allochthonous 
(tide-borne) material with roots as well as increase elevation through primary production 
(autochthonous material) (Saintilan et al., 2013; Kelleway et al., 2017b). Vertical 
accretion is proportional to accommodation space as mangrove and saltmarsh can 
increase elevation in response to rising water levels. Over longer periods of time this may 
result in areas elevated beyond the tidal frame (Rogers et al., 2017a). For regions where 
mangrove and saltmarsh co-exist, changes in vegetation distribution can broadly be 
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described as a function of changes in water level and vertical accretion of in situ 
vegetation.  
2.1.4 Mangrove and saltmarsh of southeast Australia 
Southeast Australia has a temperate climate (Stern and de Hoedt, 2000), supporting 
mangrove and saltmarsh vegetation that co-occur along intertidal shorelines (Adam, 
1990; Duke, 2006). Vegetation communities exhibit strong zonation associated with tidal 
range, commonly occurring above MSL. Mangroves typically occur lower within the tidal 
frame, colonising extensive areas from MSL to areas that are frequently inundated in the 
upper intertidal. Saltmarsh occupy higher intertidal areas, occurring up to the limits of 
HAT, where upland terrestrial environments fringe the saltmarsh such as Melaleuca or 
Casuarina forests (Figure 2.4) (Adam, 2002; Saintilan, 2009a). However zones are not 
distinct, and communities occur along a continuum, overlapping where edaphic 
conditions are suitable for both mangrove and saltmarsh (Mitchell and Adam, 1989; 
Saintilan and Williams, 1999; Saintilan et al., 2014; Kelleway et al., 2017a). 
Mangrove species in Australia decrease in diversity with increasing latitude (Saenger et 
al., 1977; Duke, 2006). In southeast Australia, two mangrove species are present. 
Avicennia marina is the dominant mangrove species, however Aegiceras corniculatum is 
also present. Despite low mangrove species diversity in southeast Australia, temperate 
mangrove structure is often complex, responding to environmental gradients associated 
with edaphic conditions (Morrisey et al., 2010). 
Saltmarsh species diversity has an inverse relationship to mangrove species diversity, 
increasing with higher latitude in Australia (Adam et al., 1988). More than 30 species 
have been documented in southern temperate settings compared to less than 10 species in 
tropical northern areas of Australia (Adam, 1990; Saintilan, 2009a). For southeast 
Australia lower intertidal habitats are dominated by herbs, grasses and sedges (i.e. 
Sporobolus virginicus, Samolus repens, Sarcocornia quinqueflora). In contrast, upper 
intertidal areas are dominated by taller assemblages such as shrubs (i.e. Tecticornia 
arbuscula) and rushes (i.e. Juncus kraussii) as well as perennial brackish reeds (i.e. 
Phragmites australis) (Adam and Hutchings, 1987; Adam et al., 1988, Clarke and Jacoby, 
1994; Zelder et al., 1995; Saintilan, 2009a; Sainty et al., 2012). 
Chapter 2: Background 
22 
 
Figure 2.4 Cross section showing typical zonation of coastal wetland vegetation across a tidal gradient in 
southeast Australia. HAT; highest astronomical tide, MHW; mean high water, MSL; mean sea level, MLW; 
mean low water. After Mitchell and Adam (1989), Rogers et al. (2017a). 
Southeast Australia is a tectonically stable wave-dominated coastline (Sloss et al., 2007). 
This coastline has a semi-diurnal tide regime, with a maximum tidal range of 
approximately 2 m. High energy conditions restrict coastal wetlands to estuaries where 
barrier development creates hydrodynamic conditions suitable for sediment deposition 
and favourable for wetland vegetation establishment and growth (Saintilan and Williams, 
1999; Roy et al., 2001; Saintilan, 2009a). A diverse range of geomorphic settings at 
varying stages of infilling is present in the region, including barrier estuaries, drowned 
river valleys, saline coastal lagoons, and coastal embayments. Coastal wetlands are most 
extensive in mature systems where estuary infill over the Holocene has facilitated the 
development of expansive intertidal zones (Roy, 1984; Roy et al., 2001). Barrier 
estuaries, in particular, support extensive coastal wetlands and are the most prevalent 
estuary type in the region. Barrier estuaries restrict tidal exchange due to the occurrence 
of a sand barrier across the estuarine entrance (Roy et al., 2001). Tides can also be 
attenuated or amplified within barrier estuaries (Hanslow et al., 2018). 
Four distinct sediment zones can be described for barrier estuaries in southeast Australia 
(Figure 2.5) (Roy, 1984; Roy et al., 2001). The most landward environment is the riverine 
channel, characterised by brackish water, as freshwater contributions from tributaries 
enter the estuary. Alluvial plains form as the fluvial delta progrades into the central mud 
basin with deposition of river-borne sediment. Seaward of the riverine channel is the 
fluvial delta, characterised by intertidal areas favourable for mangrove and saltmarsh 
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establishment. The fluvial delta transitions into the central mud basin, a low energy 
unvegetated environment. The relative extent of the fluvial delta may be indicative of 
evolutionary stage. The most seaward environment is the marine tide delta, where 
increased influence from wave energy near the estuary mouth provides a course sediment 
substrate. Similar to the fluvial delta, intertidal substrates associated with marine tide 
delta deposits may support coastal wetland establishment and growth. 
 
Figure 2.5 Idealised barrier estuary showing relative extent of sedimentary environments at different 
evolutionary stages of infilling; a) youthful, b) intermediate, c) semi-mature, d) mature. After Roy et al. 
(2001). 
The relative extent of each sedimentary zone changes with geomorphological evolution 
of estuaries (Kench, 1999). Evolutionary stages of estuaries have been categorised as 
youthful, immature, semi-mature and mature on the basis of sedimentary infill (Figure 
2.5). Mangrove and saltmarsh readily colonise the narrow intertidal margins of the central 
mud basin, the fluvial and marine tide deltas. As an estuary infills over time, the extent 
of intertidal habitat gradually increases, however this is proportional to changes in sea 
level. Intertidal areas may develop into supra-tidal alluvial floodplains by sediment 
deposits associated with episodic storm events (Roy et al., 2001; Hashimoto et al., 2006). 
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There is some evidence of mangrove replacement by saltmarsh in stratigraphic studies for 
estuaries in southeast Australia (Saintilan and Hashimoto, 1999; Saintilan and Wilton, 
2001), however changes in vegetation distribution is complex, as geomorphological 
evolution is a function of sediment infill and changes in sea level (Woodroffe, 2003). 
2.1.5 Recent trends in mangrove and saltmarsh dynamics of southeast Australia 
Mangrove and saltmarsh dynamics, particularly change in extent, have been well 
documented in southeast Australia. Up to 70% of the aerial extent of coastal wetlands in 
southeast Australia has been lost since European settlement, largely due to conversion of 
low-lying areas to agricultural plains facilitated by landfilling and drainage structures that 
prevent or impede tidal exchange (Saintilan and Williams, 2000; Laegdsgaard, 2006; 
Rogers et al., 2015, 2016). Saltmarsh in southeast Australia are listed as an Endangered 
Ecological Community under the NSW Threatened Species Conservation Act 1995 and a 
Threatened Ecological Community under the Commonwealth Environmental Protection 
and Biodiversity and Conservation Act 1999 (Rogers et al., 2016). A recent study suggests 
that the loss of coastal wetland extent since European settlement has contributed 4.83 
million tonnes of atmospheric CO2 lost from surface sediment; 98% associated with 
saltmarsh communities (Ewers Lewis et al., 2017). 
Mangrove landward expansion and encroachment into saltmarsh habitat in the upper 
intertidal has further exacerbated loss of saltmarsh extent. This trend has been well 
documented along the coastline of southeast Australia and is near ubiquitous where 
mangrove and saltmarsh co-occur around the world (Saintilan and Williams, 1999; 
McKee et al., 2012, Saintilan and Rogers, 2014). Local and regional factors, such as 
changes in inundation (Mitchell and Adam, 1989; Morton, 1994; Wilton, 1997; Saintilan 
and Hashimoto, 1999), microtopography (Burton, 1982; Saintilan, 1998), nutrient loading 
(Wilton, 1997; McLoughlin, 2000) and propagule dispersal (Breitfuss et al., 2003) are 
hypothesised to be particularly important contributors to mangrove encroachment. At a 
global scale it is suggested that a suite of environmental changes favour mangrove 
establishment and growth, including sea-level rise, elevated atmospheric CO2, and 
increased temperature (McKee et al., 2012; Saintilan et al., 2014). Although 
encroachment of mangrove into upland saltmarsh has caused widespread changes in 
extent, recent research has demonstrated that this dynamic in southeast Australia can have 
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favourable outcomes for carbon sequestration (Kelleway et al., 2015). Consequently, 
there remains considerable debate as to whether mangrove expansion results in a decline 
or increase in ecosystem services (Kelleway et al., 2017a). 
Changes in climate, particularly changes in sea level, have significant implications for 
intertidal communities (Gillman et al., 2008; Ross and Adam, 2013). The capacity of 
mangrove and saltmarsh to respond to changes in sea level has been studied extensively 
in southeast Australia (Rogers et al., 2005, 2006, 2012, 2014). Broadly, this capacity to 
adapt is linked to accommodation space (Woodroffe et al., 2016). This is dependent on 
the availability of upland areas to facilitate landward migration of coastal wetland 
communities, as well as sediment deposition to facilitate elevation gain of in situ 
vegetation relative to the rate of rising water levels (Rogers et al., 2016). However, the 
capacity of mangrove and saltmarsh to vertically accrete, by trapping allochthonous 
sediment with roots and building elevation in situ by organic matter additions, does not 
necessarily translate to surface elevation gain due to shallow subsidence and 
autocompaction (Rogers et al., 2006). Furthermore, rates of sea-level rise and coastal 
wetland surface elevation gain are not spatially and temporally homogeneous (Chmura et 
al., 2001; Cahoon et al., 2006). This suggests that landward migration may become 
increasingly important for the persistence and survival of coastal wetlands in southeast 
Australia (Rogers et al., 2012, 2013, 2016). 
2.1.6 Ecosystem services 
Conservation and restoration of ecosystems is often justified in terms of the goods and 
services they provide (Ewel et al., 1998; Boyd and Banzhaf, 2007). Ecosystem services, 
as defined in the Millennium Ecosystem Assessment (MEA), are ‘the benefits people 
obtain from ecosystems’ (MEA, 2005). Ecosystems are underpinned by components, the 
abiotic and biotic characteristics associated with ecosystem structure, and processes 
which are the result of complex interactions between these components (de Groot et al., 
2002; Boyd and Banzhaf, 2007; Barbier et al., 2011; Hermann et al., 2011). Together 
components and processes perform functions, for example high organic detrital 
production, that contribute to important ecosystem services such as fisheries nursery 
grounds. Quantifying ecosystem services is beneficial for natural resource management 
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as it assists with justifying priorities for conservation or management, particularly when 
resources to do so are limited. 
Coastal ecosystems, particularly mangrove and saltmarsh, provide essential ecosystem 
services that have widespread benefits (Ewel et al., 1998; Barbier et al., 2011; Zelder and 
Kercher, 2005; Lee et al., 2014). Extensive mangrove forests in the tropics provide goods 
and services that communities rely on for livelihoods. Mangrove forests in Thailand, for 
example, provide coastal communities with income arising from raw materials and food 
(US$ 484 – 585 ha-1 yr-1), coastal protection (US$ 8996 – 10821 ha-1 yr-1) and 
maintenance for commercial fisheries (US$ 708 – 987 ha-1 yr-1) (Barbier, 2007). 
Mangrove and saltmarsh in the United States are important for coastal protection from 
hurricane damage and flood abatement, particularly on the Atlantic and Gulf coasts. This 
ecosystem service is estimated to provide US$ 23.2 billion yr-1 in storm protection 
services (Constanza et al., 2008). In southeast Australia, coastal wetlands provide 
important bird habitat, specifically summer feeding and roosting grounds for migratory 
waders of international significance (Saintilan, 2009a). Several wetlands in southeast 
Australia have been listed as having high conservation importance under the International 
Convention on Wetlands (i.e. RAMSAR treaty) (Laegdsgaard, 2006; Rogers et al., 2016). 
Coastal ecosystems play an important role in the global carbon cycle due to their high 
rates of productivity and turnover of organic matter (Sahagian and Melack, 1988; Duarte 
et al., 2005; Bouillon, 2011; Duarte et al., 2013; Maher et al., 2013). Carbon storage 
potential of mangrove and saltmarsh environments has been recognised for some time 
(Twilley et al., 1992), however widespread awareness of this benefit to society as an 
important ecosystem service has led to considerable efforts to quantify this service 
(Chmura et al., 2003; Bouillon et al., 2008; Donato et al., 2011; Mcleod et al., 2011; 
Fourqurean et al., 2012). There is particular interest regarding coastal ecosystems as sinks 
of atmospheric carbon and their capacity to help counterbalance anthropogenic climate 
change (Mcleod et al., 2011; Siikamaki et al., 2012; Sutton-Grier and Moore, 2016; 
Lovelock et al., 2017). Global estimates suggest carbon mitigation services provided by 
mangrove and saltmarsh sequester 31 – 34 Tg C yr-1 and 5 – 87 Tg C yr-1 respectively 
(Mcleod et al., 2011). These estimates are based on limited data, however recent studies 
have refined regional and national estimates (Bouillon et al., 2008; Alongi, 2014; 
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Macreadie et al., 2017b). As low carbon economies become more mobilised, accurate 
quantification of carbon additions provided by coastal ecosystems is required to facilitate 
carbon credits in carbon markets (Gibbs et al., 2007; Sutton-Grier and Moore, 2016; 
Kelleway et al., 2017c). 
Ecosystem services provided by mangroves and tidal marshes globally have been valued 
at US$ 194, 000 ha-1yr-1 (Costanza et al., 2014). However, many ecological and physical 
processes that underpin ecosystems services vary at different spatial scales (Ewel et al., 
1998; Barbier et al., 2011; Friess et al., 2012; Lee et al., 2014). For example, the benefit 
of mangrove and saltmarsh as coastal protection for infrastructure will vary with climate, 
geomorphic setting, tidal range, and sediment supply (Spalding et al., 2014; Narayan et 
al., 2016). It is important to recognise that ecosystem services of high value in one 
particular coastal setting may not translate to other settings (Friess et al., 2012; Lee et al., 
2014). 
2.2 Carbon storage 
2.2.1 Blue carbon ecosystems 
Coastal vegetated ecosystems, mangrove, saltmarsh and seagrass, have been termed ‘blue 
carbon’ ecosystems due to their unique capacity as marine vegetation to sequester and 
store organic carbon (Nellemann et al., 2009). Blue carbon ecosystems sequester 
atmospheric carbon into biomass in the short term and eventually into sediment over the 
long term, potentially over millennial time scales, and are regarded to have longer storage 
capacity than terrestrial ecosystems which generally cycle carbon in soils (Chambers et 
al., 2001; Duarte et al., 2005; Lo Iacono et al., 2008; Nellemann et al., 2009; Mcleod et 
al., 2011). Blue carbon ecosystems are disproportionately valuable relative to their global 
extent, contributing nearly 50% of the carbon burial in marine sediments, despite 
occupying just 0.2% of the ocean surface (Chmura et al., 2003; McLeod et al., 2011; 
Fourqurean et al., 2012; Duarte et al., 2013). Global estimates suggest mangroves have a 
mean whole-ecosystem carbon stock of 956 Mg C ha−1, compared with 241 Mg C ha−1 
for rainforests, 408 Mg C ha−1 for peat swamps, 593 Mg C ha−1 for saltmarshes, and 142 
Mg C ha−1 for seagrasses (Alongi, 2014). 
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Three distinct carbon pools (or reservoirs) can be defined for mangrove and saltmarsh 
vegetation. Sequestered carbon is stored in above-ground biomass, such as leaves, shoots 
and branches, below-ground biomass such as roots and rhizomes, and in the soil profile 
(Howard et al., 2014) (Figure 2.6). Soil carbon storage is often the focus of blue carbon 
research, largely due to the greater contribution of carbon storage in sediments, up to 75% 
for mangrove and > 90% for saltmarsh (Alongi, 2014). Studies on below-ground carbon 
in biomass are particularly limited, despite contributing 13-15% of carbon in mangrove 
and saltmarsh (Alongi, 2014), due to difficulty of assessment and large uncertainty of 
results (Komiyama et al., 2008; Njana et al., 2015; Bulmer et al., 2016b). For above-
ground carbon in biomass, accurate assessment requires destructive harvesting that is 
labour intensive and time consuming given that above-ground carbon contributions can 
be relatively small, particularly for saltmarsh (Howard et al., 2014). 
Mangrove and saltmarsh unique capacity to sequester and store organic carbon within 
substrates are due to physiological and environmental conditions conducive to long-term 
carbon retention (Figure 2.6). First, mangrove and saltmarsh vegetation vertically accrete 
by trapping autochthonous and allochthonous material delivered to wetlands with tides, 
facilitating continual burial of organic matter (Hansen and Nestlerode, 2013; Lovelock et 
al., 2013; Saintilan et al., 2013). Second, mangrove and saltmarsh are among the most 
productive vegetated ecosystems in the world (Duarte et al., 2005; Alongi, 2014). 
Autochthonous material, in the form of living and nonliving (detritus) biomass (i.e. trunk, 
stems, leaves, roots, shoots), contribute to organic carbon additions in substrates (Alongi, 
2009). Finally, biogeochemical conditions are conducive to long-term carbon retention in 
the soil, as saline waterlogged substrates slow the rate of organic matter decomposition 
and inhibit the release of greenhouse gases (Kristensen et al., 2008; Dise, 2009; 
Fourqurean et al., 2012). Determining whether a system is a net carbon source or sink 
depends upon rates of carbon addition through primary production exceeding the rate of 
carbon loss through decomposition (Kayranli et al., 2009). Factors that influence the 
relationship between carbon additions and losses are not spatially homogeneous and vary 
over different time scales (Mcleod et al., 2011; Kirwan et al., 2013). 
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Figure 2.6 Carbon dynamics in coastal ecosystems representing carbon pools (above-ground biomass, 
below-ground biomass, soil carbon), carbon sources (autochthonous and allochthonous), surface elevation 
change by vertical accretion, and biogeochemical conditions (aerobic and anaerobic zones in soil profile). 
Dark vertical arrows represent carbon input, red vertical arrows represent carbon output. Width of arrow 
indicates relative carbon input/output. 
2.2.2 Sediment dynamics 
The capacity of mangrove and saltmarsh to increase surface elevation, as a response to 
changes in sea level, is a key component of their unique carbon storage capacity (Alongi, 
2014; Woodroffe et al., 2016). Sediment provides the vertical accretion necessary for 
wetland vegetation to colonise available accommodation space in the intertidal (Adam, 
2002; Woodroffe et al., 2016; Rogers et al., in review). Once established, wetland 
vegetation can maintain elevation in the tidal frame by substrate additions (Rogers and 
Saintilan, 2008; Kirwan and Megonigal, 2013). Extensive and complex root structures as 
well as above-ground biomass components trap tidally-borne allochthonous material and, 
together with autochthonous material, vertically accrete in the tidal frame (Rogers et al., 
2006; Lovelock et al., 2010; Saintilan et al., 2013). Carbon additions from autochthonous 
and allochthonous sources are buried in the soil profile. Sediment dynamics in coastal 
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wetlands means that surface carbon accumulation in these environments can be 
considerably high (Chmura et al., 2001; Macreadie et al., 2017a, b). 
Deposition of allochthonous material, often highly minerogenic, increases sediment 
volume, resulting in a continuous capacity to sequester organic material as sediments do 
not become carbon saturated (McKee et al., 2007; Morris et al., 2016). Alternatively, in 
sediment poor environments, wetland vegetation can contribute to accumulation of 
autochthonous material that often form peats by keeping pace with sea-level rise over the 
Holocene (Thom, 1967; Alongi, 2014; Woodroffe et al., 2016). Macrotidal environments 
often have higher sedimentation rates than meso- or microtidal settings, however 
sedimentation rates also vary across intertidal gradients (Chmura et al., 2001; Rogers et 
al., 2006; Krauss et al., 2010; Day et al., 2011; Krauss et al., 2013). Vegetation 
communities higher in the tidal frame are likely to receive less tidally-borne material than 
areas in close proximity to creeks and areas that drain regularly due to less opportunity 
for sediment to be deposited (Friedrichs and Perry, 2001; Chmura and Hung, 2004; Morris 
et al., 2016). Ongoing mineral sediment addition acts to fill available accommodation 
space and can be detrimental to carbon storage where sediment addition is not offset by 
rising sea levels (Kirwan and Mudd, 2012; Rogers et al., in review). Sites with high 
allochthonous material input may have high surface accumulation rates, however may 
have reduced carbon storage due to low organic and high mineral fractions common of 
allochthonous material (Lovelock et al., 2013; Saintilan et al., 2013). 
2.2.3 Productivity 
High rates of primary productivity in mangrove and saltmarsh ecosystems can, in part, be 
attributed to their physiological adaptations to thrive in saline waterlogged conditions. 
Their capacity to extrude salt enables efficient water use, increasing rates of litter 
production (Ball, 1996; Komiyama et al., 2008; Krauss and Ball, 2013), resulting in high 
organic matter. Globally, total net primary production (NPP) of mangrove is greater than 
saltmarsh, estimated at 11.1 Mg C ha-1 yr-1 (Alongi, 2009) and 8.34 Mg C ha-1 yr-1 (Duarte 
et al., 2005) respectively, however, both rival some of the most productive terrestrial 
ecosystems in the world (Alongi, 2014). 
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The fate of organic matter usually involves one of four pathways: enter the food web and 
taken up by macrofauna such as crabs and other terrestrial and marine organisms; 
decompose through microbial action; export to adjacent oceans by tides or river flow; or 
accumulate within the sediment (Hogarth, 1999; Laegdsgaard, 2006; Kristensen et al., 
2008). These pathways represent a continuum whereby organic matter may undergo one 
or all of these pathways (Dise, 2009), however it is the accumulation within the sediment 
that contributes to long term carbon storage. 
Primary productivity, and its influence on carbon sequestration and storage, is highly 
variable at different spatial scales. Globally, high rates of productivity are associated with 
tropical settings where biomass and litterfall rates are highest near the equator (Twilley 
et al., 1992; Alongi, 2002; Bouillon et al., 2008; Komiyama et al., 2008). Mangrove 
productivity decreases at high latitudes, likely associated with physiological adaptations 
to improve resistance to freeze events (Morrisey et al., 2010; Osland et al., 2014). 
Environmental processes that operate at regional and site-specific scales also influence 
productivity. Nutrient input from the catchment; particularly nitrogen and phosphorus, 
and inundation frequency influence edaphic conditions that control productivity 
(Sherman et al., 1998; Chen and Twilley, 1999). For example hypersaline conditions stunt 
vegetation growth resulting in reduced primary productivity (Twilley et al., 1992; Alongi, 
2009; Castañeda-Moya et al., 2013). 
2.2.4 Biogeochemical conditions 
As intertidal ecosystems, biogeochemical conditions of mangrove and saltmarsh 
environments are strongly influenced by the tide, where saline waterlogged conditions 
slow the rate of organic matter decomposition (Kristensen et al., 2008; Dise, 2009; 
Fourqurean et al., 2012). Microbial decomposition of organic matter predominantly 
operates under anoxic conditions as oxygen diffusion in saturated sediment is limited 
(Bridgham and Lamberti, 2009). Anaerobic respiration occurs at a reduced rate compared 
to aerobic respiration where remineralisation of organic carbon to inorganic forms utilises 
alternative electron acceptors less efficient than oxygen. Four decomposition pathways 
operate in oxygen deprived sediments, where other oxidants replace oxygen in a 
hierarchical fashion depending on depth, redox potential, and the abundance of other 
oxidants (i.e. NO3-, Mn4+ Fe3+, SO42-) (Table 2.1) (Sarmiento and Gruber, 2006; Hansen 
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and Nestlerode, 2013). In order of preference these include denitrification (NO3-), 
manganese reduction (Mn4+), iron reduction (Fe3+), and sulphate reduction (SO42-) 
(Livesley and Andruisak, 2012; Verhoeven, 2009). It is not uncommon for different 
electron acceptors to be utilised simultaneously in the soil depending on availability and 
redox potential (White and Reddy, 2009). 
Table 2.1 Summary of biogeochemical reactions in coastal wetland sediments. ER; electron receptor, eh; 
redox potential. After Verhoeven (2009). 
Respiration pathway ER Reaction(s) eh (mV) 
Denitrification NO3- C6H12O6 + 4NO3-  6CO2 + 6H2O + 2N2 
2NO3- + 2CH2O  N2O + H2O + 2HCO3 
N2O + H2O  N2 + H2O 
< 250 
Manganese reduction Mn4+ MnO2 + 2e- + 4H+  Mn2+ + 2H2O < 225 
Iron reduction Fe3+ Fe(OH)3 + e- + 3H+  Fe2+ + 3H2O < 120 
Sulphate reduction SO42- 2CH3CHOHCOO- + SO42- + 3H+  2CH3COO- + 
2CO2 + 2H2O + HS- 
2CH3COO- + SO42-  2CO2 + 2H2O + HS- 
< -75 
Methanogenesis CO2 + e- CO2 + 8e-  CH4 + 2H2O 
CH3COO- + 4H+  2CH4 + 2H2O 
< -250 
 
Under aerobic conditions, remineralisation of organic carbon ultimately produces carbon 
dioxide. However, the substitution of different oxidants under anaerobic conditions can 
result in methanogenesis, where microbial decomposition utilises carbon dioxide as an 
alternate oxidant to produce methane (Sarmiento and Gruber, 2006). Methanogenesis 
often occurs in deep sediments as it is the least favourable oxidant substitute (CO2 + e-) 
(Bridgham and Lamberti, 2009; Verhoeven, 2009). The abundance of sulphate in coastal 
wetland environments means that SO42- is the dominant oxidant involved in anaerobic 
decomposition (Tobias and Neubauer, 2009), where sulphate reducing bacteria 
outcompete methanogens, thereby limiting methane production (King and Wiebe, 1980; 
Bartlett et al., 1987; Kristensen et al., 2008).  
Methane has approximately 25 times the global warming potential of carbon dioxide over 
a 100-year time frame (Forster et al., 2007; Mitsch et al., 2013). Coastal wetlands are 
broadly considered negligible methane producers, for example methanogenesis in 
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saltmarshes accounts for less than 5% of anaerobic respiration (Tobias and Neubauer, 
2009). However, methanogenesis is the primary microbial decomposition pathway in 
freshwater wetlands (Kayranli et al., 2009; Verhoeven, 2009). A compilation of flux data 
for North America shows that the average methane flux for freshwater wetlands is an 
order of magnitude greater than saltmarsh ecosystems, 36 ± 5 g C m-2 yr-1 compared to 
3.6 ± 2.3 g C m-2 yr-1 respectively (Bridgham et al., 2006).  
Coastal wetlands as carbon sinks are strongly associated with biogeochemical conditions 
that influence decomposition (Kayranli et al., 2009). As primary productivity and 
decomposition are in dynamic equilibrium, similar environmental processes that operate 
at varying spatial scales influence carbon flux. Decomposition rates are particularly 
sensitive to temperature, where humid tropical settings favour high rates of organic matter 
breakdown, increasing remineralisation of organic carbon released into the atmosphere 
(Bridgham and Lamberti, 2009; Dise, 2009). However, increased rates of decomposition 
in warmer climates is mediated by increased availability of organic matter through 
primary productivity (Chmura et al., 2003). Similarly, nutrient availability at regional and 
site-specific scales influence decomposition (Chen and Twilley, 1999) Nutrients regulate 
microbial populations involved in aerobic and anaerobic respiration; accordingly, where 
nutrient availability increases the rate of microbial breakdown also increases. In the same 
way, increased nutrient loads in a system can stimulate vegetation growth, increasing 
available organic matter, off-setting high decomposition rates (Bridgham and Lamberti, 
2009). 
Waterlogged conditions limit gas exchange rates, whereby diffusion is reduced compared 
to conditions where the surface sediment is directly exposed (Verhoeven, 2009). As the 
rate of aerobic decomposition is an order of magnitude greater than anaerobic 
decomposition, hydroperiod is an important regulator on carbon flux (Bridgham and 
Lamberti, 2009). Hydroperiod describes the frequency, depth and duration of tidal 
inundation (Krauss et al., 2006; Woodroffe et al., 2016). The shift between aerobic and 
anaerobic respiration occurs in a transitional nature, and changes according to variation 
in hydroperiod and other factors such as rainfall (Reddy et al., 2000). To this end, 
extended periods of waterlogging or exposure can alter redox potential causing shifts in 
preferential electron receptors (Verhoeven, 2009). In this way decomposition is spatially 
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and temporally variable within a wetland (White and Reddy, 2009; Call et al., 2015), such 
that mangroves that fringe riverine channels will likely have reduced rates of 
decomposition compared to basin mangroves where flooding is less frequent (Twilley 
and Chen, 1998; Castañeda-Moya et al., 2013). 
2.3 Above-ground carbon storage 
2.3.1 Above-ground biomass 
Above-ground biomass consists of all vegetation components above the sediment surface 
(Bonham, 2013). For mangrove this includes woody compartments, such as the trunk, 
branches, prop roots and pneumatophores, as well as non-woody compartments such as 
leaves and inflorescences (Hutchings and Saenger, 1987; Hogarth, 1999; Kauffman and 
Donato, 2012). Shrub saltmarsh similarly comprise of woody (i.e. trunk, branches) and 
non-woody (leaves and inflorescences) compartments (Howard et al., 2014). For grasses, 
rushes and forbs saltmarsh above-ground biomass is dominated by shoots (Adam, 1990). 
A substantial body of literature exists regarding mangrove above-ground biomass, 
however saltmarsh above-ground biomass, particularly studies in Australia, is limited 
(Howard et al., 2014). This is likely due to the greater proportion of carbon storage in 
woody biomass associated with mangroves, as well as non-destructive techniques that 
can be readily applied with minimal or no destructive harvesting. Global estimates 
suggest that mangrove above-ground biomass may account for 4.98 Pg (Twilley et al., 
1992), however this estimate has been recently revised (2.83 Pg; Hutchison et al., 2014; 
1.91 Pg Tang et al., 2018). 
Estimating above-ground biomass of forested ecosystems is common practice in ecology. 
Measuring biomass has a long history with wood exploitation for commercial use, 
however biomass estimates are also important for evaluating forest health and 
productivity, as well as changes associated with deforestation, wildfire, and tropical 
cyclones (Bonham, 2013). Recent interest in accurately estimating biomass is associated 
with carbon storage. Increased awareness of the need to attempt to mitigate anthropogenic 
carbon emissions has led to global climate mitigation and adaptation efforts. These 
include national carbon accounts and off-setting initiatives such as REDD+ and 
Australia’s ERF, providing an opportunity to enhance carbon sequestration in vegetated 
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ecosystems by reducing further loss and encouraging rehabilitation of degraded areas 
(Alongi et al., 2015; Kelleway et al., 2017c). Accurate assessment of biomass, including 
annual carbon additions, is pertinent to off-setting initiatives to facilitate low carbon 
economies (Gibbs et al., 2007; Chave et al., 2014; Sutton-Grier and Moore, 2016). 
Quantifying above-ground biomass must consider variation at different spatial scales 
(Cohen et al., 2013; Estrada and Soares, 2017). The effect of scale has been discussed in 
the context of hierarchy theory (Twilley, 1999), where a process influencing any level of 
the hierarchy also influences higher and lower levels (Risser, 1987; Pickett et al., 1989). 
Biomass estimates at larger spatial scales focus on primary factors that influence 
variability (Hutchison et al., 2014; Rovai et al., 2016). However this reduces accuracy of 
estimates due to aggregation of smaller scales, such as ‘site function units’ as described 
by Schaeffer-Novelli et al. (2000), reducing the capacity to account for variation (Lugo 
and Snedaker, 1974; Duke et al., 1998; Twilley et al., 1999; Schaeffer-Novelli et al., 
2000). It is well established that global biomass is broadly associated with temperature, 
where vegetation in tropical settings will generally have greater biomass than temperate 
settings (Twilley et al., 1992; Alongi, 2012; Siikamaki et al., 2012, Hutchinson et al., 
2014). However estimates of coastal wetland biomass that only consider temperature to 
describe variability will not account for substantial variation in vegetation structure, and 
require a range of other factors to model biomass (Rovai et al., 2016). Identifying spatial 
variability of biomass is important when considering limitations associated with estimates 
at particular spatial scales. 
2.3.2 Mangrove above-ground biomass 
Globally, average mangrove above-ground biomass has been estimated between 139.6 
and 184.8 Mg ha-1 (Twilley et al., 1992; Saenger and Snedaker, 1993; Komiyama et al., 
2008; Hutchison et al., 2014; Estrada and Soares, 2017; Tang et al., 2018). However, 
mangrove above-ground biomass is highly variable ranging from >500 Mg ha-1 in the 
Indo-Pacific region to 8 Mg ha-1 in temperate settings (Kauffman and Cole, 2010; 
Kauffman et al., 2011). Mangrove biomass exhibits a latitudinal trend, similar to floristic 
diversity (Duke et al., 1998), where low latitude forests have considerably high biomass 
(Twilley et al., 1992; Alongi, 2009) in comparison to mangrove forests in temperate and 
subtropical climates. Increased biomass in tropical settings is likely related to climatic 
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conditions favourable for growth (Clough, 1982; Duke et al., 1998; Komiyama et al., 
2008). Physiological adaptations of mangroves in temperate settings results in lower 
biomass potential due to smaller stature (Twilley et al., 1992; Saenger and Snedaker, 
1993; Alongi, 2009), different biomass component allocation (i.e. reduced leaf 
production, root/shoot ratio) (Duke, 1990; Saintilan, 1997b), and anatomical constraints 
to deal with water transport issues associated with freezing tolerance (Morrisey et al., 
2010).  
Variability in mangrove above-ground biomass is associated with vegetation structure, 
the morphological characteristics and architecture of a plant. Different mangrove species 
exhibit unique structural variations, such as prop roots of Rhizophora stylosa, causing 
mangroves with similar heights to have considerably different biomass (Clough and Scott, 
1989; Comley and McGuiness, 2005). Environmental gradients associated with edaphic 
conditions influence mangrove growth, particularly in relation to inundation and salinity 
(Woodroffe, 1992). This is evident in above- and below-ground biomass allocation in 
response to salinity gradients (Saintilan, 1997a, b; Castañeda-Moya et al., 2011, 2013; 
Bulmer et al., 2016a, b). Earlier studies in Florida demonstrate that edaphic conditions 
controlling mangrove structure result in substantial differences in biomass (Lugo and 
Snedaker, 1974). Accordingly, this study found biomass of riverine mangrove (86 - 174 
Mg ha-1) was much greater than scrub mangrove (8 Mg ha-1) in the same estuary. 
Komiyama et al. (2008) suggests that mangrove above-ground biomass decreases near 
the seaward edge, however this generalisation may not be consistent (Ross et al., 2001), 
particularly in temperate settings (Morrisey et al., 2010). 
Mangroves are structurally complex, varying in response to environmental factors that 
operate at different spatial scales (Twilley et al., 1999; Estrada and Soares, 2017). This is 
particularly evident for Avicennia marina, a common species throughout the Indo-Pacific, 
having broad tolerance to salinity and inundation gradients, and low temperature 
tolerance (Duke et al., 1998). Avicennia marina has the greatest latitudinal range of all 
mangrove species, from 25˚N in Japan to 38˚S in Australia (Duke et al., 1998; Saintilan 
et al., 2014b), and as a result biomass has been quantified across many latitudes (Table 
2.2). Substantial biomass variation between tropical and temperate settings is likely due 
to structural variability. Avicennia marina in tropical settings has been documented to be 
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taller and have greater biomass than those in temperate settings (Komiyama et al., 2008). 
However, considerable variability in height and biomass has been suggested for 
Avicennia marina in temperate settings such as southeast Australia (Clough and Attiwill, 




Table 2.2 Examples of published above-ground biomass (AGB) estimates for Avicennia marina. Climate classification from Peel et al. (2007). Data sorted by latitude. 
Climate Latitude Location AGB (Mg ha-1) Reference 
Arid 23˚27’ N Yanbu, Saudi Arabia 10.9 Abohassan et al. (2012) 
Temperate 23˚01’ N Tainan, Taiwan 10.3, 22.7 Kuei-Chu (2008) 
Tropical 21˚32’N  Sundarbans, India 5.4, 16.6, 19.2, 19.7, 22.8, 32.4, 53.0, 60.4, 61.6, 66.4, 73.1 Ray et al. (2011) 
Arid 20˚38’ N Shuaiba, Saudi Arabia 18.9 Abohassan et al. (2012) 
Tropical 19˚04’ N Mumbai, India 46 Patil et al. (2013) 
Tropical 8°15’ N Kalpitiya, Sri Lanka 85.1, 172, 193.1, 240 Amarasinghe and Balasubramaniam (1992) 
Tropical 4˚25’S Gazi, Kenya 11.7 Kairo et al. (2009) 
Arid 20°20’ S Port Hedland, Australia 147.6 Alongi et al. (2003) 
Arid 20°43’ S Dampier, Australia 45.8 Alongi et al. (2003) 
Arid 21°58’ S Mangrove Bay, Australia 90.5 Alongi et al. (2003) 
Arid 23˚36’S Carnarvon, Australia 92.7, 100.5, 103.9, 118.7, 121.6, 122.2, 184.9, 190.6, 254.9 Ellison and Simmonds (2003) 
Temperate 25˚32’ S Maryborough, Australia 10, 120, 200, 250 Saintilan (1997a) 
Temperate 27°24’ S Brisbane, Australia 110, 162, 341 Mackey (1993) 
Temperate 31˚ 03’E Durban, South Africa 19.82 Steinke et al. (1995) 
Temperate 32°51’ S Newcastle, Australia 84, 104 Burchett and Pulkownik (1983)  
Temperate 32°51’ S Newcastle, Australia 193.5, 168.5 Moss (1983) 
Temperate 32°51’ S Newcastle, Australia 21.7 Murray (1985) 
Temperate 33°27’ S Gosford, Australia 21.8 Murray (1985) 
Temperate 33°30’ S Hawkesbury River, Australia 52.1, 60.1, 400 Saintilan (1997b) 
Temperate 33˚46’ S Sydney, Australia 220 Goulter and Allaway (1979) 
Temperate 33°50’ S Sydney, Australia 112.3, 144.5 Briggs (1977) 
Temperate 33°50’ S Sydney, Australia 95, 133 Burchett et al. (1984) 
Temperate 38˚21’S Westernport Bay, Australia 90 Clough and Attiwill (1975) 
Temperate 36˚08’S Mangawhai, New Zealand 26.9, 54.7, 88.8 Tran (2014) 
Temperate 36˚48’ S Auckland, New Zealand 6.8, 104.1 Woodroffe (1985) 
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2.3.3 Saltmarsh above-ground biomass 
Saltmarsh above-ground biomass varies broadly with species composition (Table 2.3). 
Although saltmarsh biomass can vary across a latitudinal gradient, broader variation in 
biomass is primarily due to floristic diversity (Adam, 1990; Saintilan, 2009b). For 
example, saltmarsh distribution in arctic regions have low species diversity, dominated 
by short grass species such as Puccinellia phryganodes, tolerant of harsh environments 
with high alkalinity, likely reducing biomass capacity due to physiological adaptations 
for survival (Adam, 1990). However temperate regions such as southeast Australia have 
considerably high floristic diversity, where saltmarsh structure varies from tall (e.g. 
Phragmites australis) and short grasses (e.g. Sprobolus virginicus), to rushes (e.g. Juncus 
kraussii), sedges (e.g. Isolepsis nodosa), forbs (e.g. Samolus repens), and shrubs (e.g. 
Sueda australis), some extending to heights of up to 2 m (e.g. Tecticornia arbuscula) 
(Adam and Hutchings, 1987; Adam et al., 1998; Adam, 1990; Saintilan, 2009a; Sainty et 
al., 2012). Variation in biomass of saltmarsh species can be substantial, particularly when 
estimating biomass for large intertidal areas. For example, Clarke and Jacoby (1994) 
establish differences in biomass for rushes (Juncus kraussii, 11.16 Mg ha-1) and short 
grasses (Sporobolus virginicus, 3.49 Mg ha-1) in the same intertidal environment.  
Saltmarsh structural variability is also influenced by environmental factors that operate 
across the intertidal zone. Edaphic factors control distribution and density of saltmarsh 
that influence biomass. In northern Australia Sporobolus virginicus is extensive in upper 
intertidal habitats, however is limited by suitable substrate due to prolonged inundation 
in the wet season (Duggan et al., 2014; Rogers et al., 2017a). In southeast Australia, 
saltmarsh develop in a mosaic pattern of distribution with highly variable stand densities 
due to complex inundation and edaphic conditions at each site (Adam and Hutchings, 
1987; Adam et al., 1988; Saintilan, 2009a). Biomass may be more uniform in 
monospecific stands with regular inundation dynamics, such as extensive areas of 
Spartina alterniflora in parts of the USA (Craft et al., 1999), however high species 
diversity and inconsistent stand density results in a range of biomass estimates. Previous 
research in southeast Australia demonstrates such variability by replicate harvest quadrats 
that show a large range of within species variation in density (Clarke and Jacoby, 1994). 
 
 
Table 2.3 Examples of published above-ground biomass (AGB ± SE where provided) estimates for common saltmarsh species. Climate classification from Peel et al. (2007). 
Data sorted by species. 
Species Climate Latitude Location AGB (Mg ha-1) Reference 
Distichlis spicata Cold 40°49′ N New Jersey, USA 12 ± 0.9 Tripathee and Schafer (2015) 
Distichlis spicata Temperate 29°13′ N Louisiana, USA 17.03 Hopkinson et al. (1978) 
Lemna gibba Temperate 35°47′ N Tingitan, Morocco 1.61 ± 0.01 Ennabili et al. (1998) 
Lemna minor Temperate 35°47′ N Tingitan, Morocco 4.45 ± 0.03 Ennabili et al. (1998) 
Juncus acutus Temperate 35°47′ N Tingitan, Morocco 10.31 ± 1.00 Ennabili et al. (1998) 
Juncus kraussii Temperate 35°00' S Jervis Bay, Australia 11.16 Clarke and Jacoby (1994) 
Juncus kraussii Temperate 34°19' S Augusta, Australia 14.24 Congdon and McComb (1980) 
Juncus maritimus Temperate 35°47′ N Tingitan, Morocco 8.02 ± 1.02 Ennabili et al. (1998) 
Juncus roemerianus Temperate 38°25′ N Maryland, USA 13.75 ± 1.25 Elsey-Quirk et al. (2011) 
Juncus roemerianus Temperate 34°36' N North Carolina, USA 24.52 Williams and Murdoch (1972) 
Juncus roemerianus Temperate 29°13′ N Louisiana, USA 17.32 Hopkinson et al. (1978) 
Phragmites australis Cold 40°49′ N New Jersey, USA 17 ± 1.4 Tripathee and Schafer (2015) 
Phragmites australis Cold 39°34′ N New Jersey, USA 18.55 ± 0.70 Windham (2001) 
Phragmites australis Cold 38˚54’ N Tianjin, China 11.46 Chen et al. (2017) 
Phragmites australis Temperate 35°47′ N Tingitan, Morocco 22.96 ± 2.52 Ennabili et al. (1998) 
Phragmites communis Temperate 29°13′ N Louisiana, USA 27.00 Hopkinson et al. (1978) 
Plantago maritima Cold 45°05′ N New Brunswick, Canada 2.22 ± 0.43 Connor and Chmura (2000) 
Sagittaria falcata Temperate 29°13′ N Louisiana, USA 4.27 Hopkinson et al. (1978) 
Sarcocornia perennis Temperate 36°10′ N Algeciras, Spain 33.96 Palomo and Niell (2009) 
Sarcocornia perennis Temperate 38°45′ S Bahia Blanca, Argentina 3.63 ± 0.43 Negrin et al. (2015) 
Sarcocornia quinqueflora Temperate 35°00' S Jervis Bay, Australia 3.17 Clarke and Jacoby (1994) 
Schoenoplectus acutus Temperate 38°06′ N San Francisco, USA 7.71 Byrd et al. (2014) 
Scirpus litoralis Temperate 35°47′ N Tingitan, Morocco 5.67 ± 0.23 Ennabili et al. (1998) 
Scirpus maritimus Temperate 35°47′ N Tingitan, Morocco 2.32 ± 0.15 Ennabili et al. (1998) 
Sparganium erectum Temperate 35°47′ N Tingitan, Morocco 12.93 ± 0.59 Ennabili et al. (1998) 
Spartina alterniflora Cold 45°05′ N New Brunswick, Canada 4.6 ± 0.92 Connor and Chmura (2000) 
Spartina alterniflora Cold 40°49′ N New Jersey, USA 22 ± 2.3 Tripathee and Schafer (2015) 
 
 
Spartina alterniflora Temperate 38°25′ N Maryland, USA 2.17 ± 0.26 Elsey-Quirk et al. (2011) 
Spartina alterniflora Temperate 34°41′ N North Carolina, USA 8.70 ± 0.52 Craft et al. (1999) 
Spartina alterniflora Temperate 34°04′ N North Carolina, USA 6.43 ± 0.52 Craft et al. (1999) 
Spartina alterniflora Temperate 33°11′ N Jiangsu, China 20.19 Gao et al. (2016) 
Spartina alterniflora Temperate 29°23' N Louisiana, USA 12.95 DeLaune et al. (1979) 
Spartina alterniflora Temperate 29°13′ N Louisiana, USA 14.27 Hopkinson et al. (1978) 
Spartina alterniflora Temperate 25°16′ S Paranagua, Brazil 1.16 ± 0.36 da Cunha Lana et al. (1991) 
Spartina alterniflora Temperate 38°45′ S Bahia Blanca, Argentina 3.64 ± 0.27 Negrin et al. (2012) 
Spartina cynosuroides Temperate 29°13′ N Louisiana, USA 13.45 Hopkinson et al. (1978) 
Spartina maritima Temperate 37˚15’ N Huelva, Spain 7.63 ± 1.22 Castillo et al. (2008) 
Spartina patens Cold 45°05′ N New Brunswick, Canada 3.79 ± 0.82 Connor and Chmura (2000) 
Spartina patens Cold 40°49′ N New Jersey, USA 23 ± 2.1 Tripathee and Schafer (2015) 
Spartina patens Cold 39°34′ N New Jersey, USA 6.94 ± 0.46 Windham (2001) 
Spartina patens Temperate 38°25′ N Maryland, USA 5.50 ± 0.66 Elsey-Quirk et al. (2011) 
Spartina patens Temperate 29°13′ N Louisiana, USA 24.30 Hopkinson et al. (1978) 
Sporobolus virginicus Temperate 35°00' S Jervis Bay, Australia 3.49 Clarke and Jacoby (1994) 
Typha spp. Temperate 38°06′ N San Francisco, USA 11.39 Byrd et al. (2014) 
Typha angustifolia Temperate 35°47′ N Tingitan, Morocco 21.58 ± 2.52 Ennabili et al. (1998) 
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2.3.4 Methods of assessment 
Methods to assess coastal wetland biomass are dependent on the scale of assessment and 
level of accuracy required. The scale of assessment at which above-ground biomass is 
measured will directly influence carbon storage estimates, whereby approaches that 
capture variation will be more accurate. The IPCC provide guidance on approaches to 
determine anthropogenic greenhouse gas emissions and removals associated with 
biomass of vegetation in managed coastal wetlands (IPCC, 2014). This guidance 
identifies three tiers of assessment that broadly reflect increasing accuracy. Tier 1 
assessments are broad scale and use default values of biomass in different forest biomes, 
as identified by the IPCC, to estimate carbon storage (Table 2.4). These estimates have 
considerable variability and high uncertainty (Gibbs et al., 2007; Moomaw et al., 2018). 
Tier 2 assessments require country specific carbon storage values to estimate national 
carbon inventories. Tier 3 assessments capture variability in carbon at the site level by 
the disaggregation of vegetation types, ecological zones and salinity gradients. Tier 3 
assessments provide the greatest confidence in estimates and are encouraged where 
resources are available (Kauffman and Donato, 2012; Howard et al., 2014; IPCC, 2014). 
It is important to recognise that enhanced assessment effort is counterbalanced by 
optimising assessment accuracy. 
Table 2.4 Default values provided by IPCC (2014) for coastal wetland above-ground biomass (AGB). 
Vegetation type Region AGB (Mg ha-1) Range (Mg ha-1) 
Mangrove Tropical (wet) 192 8.7 – 384 
Tropical (dry) 92 3.2 – 201 
Subtropical/temperate 75 3.9 – 129 
Tidal marsh Default biomass values only provided for perennial woody vegetation of 
mangroves. For non-wood vegetation (i.e. tidal marsh, seagrass) increase in 
biomass stocks in a single year is assumed equal to biomass losses from 
mortality in that same year leading to no net change. 
 
Remote sensing is often used to provide broad scale estimates associated with 
extrapolation to tier 1 and tier 2 assessments. Satellite and airborne remote sensing data 
has been used for a number of decades to quantify forest biomass (Tucker, 1980; Kerr 
and Ostrovsky, 2003; Lu, 2006). A range of sensors have been used to estimate biomass, 
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including multispectral and hyperspectral sensors, Synthetic Aperture Radar (SAR), 
Radio Detection and Ranging (Radar) and Light Detection and Ranging (Lidar) (Lefsky 
et al., 2002; Lucas et al., 2006; Simard et al., 2006; Heumann, 2011b; Klemas, 2013; 
Sinha et al., 2015). Biomass estimates derived from remote sensing require calibration 
and validation using ground-based measures (Congalton, 1991; Xie et al., 2008). A 
common approach for tier 2 assessments is to use ground-based measures to identify a 
proxy that can be obtained remotely over large spatial extents, for example a biomass to 
tree height ratio (Dubayah and Drake, 2000; Zolkos et al., 2013; Belgiu and Dragut, 
2016). These studies often involve detailed models that can produce relatively robust 
estimates given the scale of assessment. Alternatively, a simplified technique involves 
extrapolation of ground-based measurements from plots to the delineated wetland extent. 
Although much easier to execute, this simplified approach has considerable uncertainty 
associated with estimates, resulting in limited accuracy (Lawley et al., 2016). 
Regardless of the approach to extrapolating from small scales to larger extents (e.g. from 
plots to wetland, or wetlands to regions) integrating remote sensing with ground-based 
measurements facilitates extrapolation and improves accuracy of above-ground biomass 
estimates (Kauffman and Donato, 2012). For tier 3 assessments, traditional approaches to 
quantify above-ground biomass involve destructive harvesting of mangrove and 
saltmarsh vegetation. For mangroves, allometric equations are developed by harvesting a 
subset of a particular species within a geographical area and relating tree measured 
variables, such as height, diameter at breast height (DBH) and crown area, to above-
ground biomass (Komiyama et al., 2008). For saltmarsh vegetation, above-ground 
biomass is determined by harvesting a small area, typically on the basis of replicate 
quadrats, to provide a mean biomass that can be extrapolated to larger scales (Klemas, 
2013; Howard et al., 2014). Many non-destructive methods have been developed to 
estimate biomass, however often fail to provide an adequate level of accuracy for many 
applications (Soares and Schaeffer-Novelli, 2005; Estrada et al., 2014). Recent advances 
in ground-based remote sensing technologies, such as terrestrial laser scanning (TLS) and 
structure for motion (SfM), may provide an opportunity to capture highly accurate 
estimates that require minimal calibration (if any) using destructive harvesting (Calders 
et al., 2015; Newnham et al., 2015).  
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2.3.5 Methods of assessment – mangrove 
Mangrove above-ground biomass is often measured by developing and applying 
allometric equations (Clough, 1982; Saenger, 2002; Kauffman and Donato, 2012). The 
principle behind this method is that the biomass of a particular compartment of a tree is 
proportional to the dimensions of the compartment (i.e. trunk diameter is proportional to 
trunk weight). Robust relationships are established between above-ground biomass and 
select tree measured variables by harvesting a range of mangroves that vary in height and 
DBH (Clough, 1982; Komiyama et al., 2008). Allometric equations are developed so that 
they can be applied to other mangroves of the same species in the same geographical 
region to estimate biomass without requiring further destructive harvesting (Soares and 
Schaeffer-Novelli, 2005; Estrada et al., 2014).  
Fundamental to applying mangrove allometric equations is that trees from which the 
allometric equation was derived represent the variability in forest structure (Estrada et al., 
2014). Extrapolating beyond the boundaries of variation in forest structure (i.e. height, 
DBH) represented in the equation is not recommended as the confidence of the regression 
is only within these boundaries (Clough, 1982; Cohen et al., 2013). Many allometric 
equations have been developed due to variation in mangrove structure as a result of 
different species and climate (e.g. Woodroffe, 1985; Day et al., 1987; Clough and Scott, 
1989; Clough et al., 1997; Saintilan, 1997a, b; Fromard et al., 1998; Ross et al., 2001; 
Sherman et al., 2003; Comley and McGuiness, 2005; Fu and Wu, 2011; Estrada et al., 
2014; Osland et al., 2014; Bulmer et al., 2016a; Hossain et al., 2016). Structural variation 
in mangroves informs the gradient and coefficients of the allometric equation, as well as 
selected tree measured variables, that may not be appropriate for broad application 
(Soares and Schaeffer-Novelli, 2005; Estrada et al., 2014).  
Variation in mangrove structure is particularly pronounced between species, and it is 
therefore recommended that species-specific allometric equations be developed (Soares 
and Schaeffer-Novelli, 2005; Estrada et al., 2014). For example, allometric equations for 
Rhizophora spp. must account for biomass associated with prop roots (Clough and Scott, 
1989; Ong et al., 2004; Comley and McGuinness, 2005). This not only changes 
coefficients for relationships between tree measured variables and biomass, but equations 
may include tree measured variables that are unable to be measured in other species, such 
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as number of prop roots for Rhizophora and number of coppiced stems for Aegiceras 
(Clough and Scott, 1989; Saintilan, 1997a, b; Comley and McGuinness, 2005). This is 
further demonstrated when measuring biomass of the same species with highly variable 
structure. Mangrove biomass estimates in tropical settings are reasonably robust when 
based on allometric equations that use variables of tree height and DBH as forest structure 
in tropical climates is often uniform (Clough, 1982; Chave et al., 2005, 2014; Komiyama 
et al., 2005). However, in many temperate areas structure can be highly variable 
(Morrisey et al., 2010). For example stunted mangroves may be less than 1.3 m in height, 
be multi-stemmed or coppice at the base, making it difficult to measure DBH and require 
other tree measured variables as a substitute, such as crown area (Woodroffe, 1985; 
Clough et al., 1997; Comley and McGuinness, 2005; Howard et al., 2014; Osland et al., 
2014). 
Destructive harvesting of mangroves to develop allometric equations may be unfeasible 
in some regions due to the conservation status of a species or forest, and logistical 
constraints such as access and feasibility in cutting and weighing large trees. 
Consequently, existing allometric equations are often used in regions other than those 
where they were developed on the basis of the same species (or genus) being present in 
regions with broadly similar climate (Kauffman and Donato, 2012; Howard et al., 2014). 
Alternatively, multi-species (also known as ‘common’) allometric equations that can be 
applied more broadly have been developed for application across a range of species or 
climatic regions (e.g. Chave et al., 2005, 2014; Komiyama et al., 2005; Ray et al., 2011). 
Many common allometric equations use specific wood gravity (also known as wood 
density) as an independent variable to describe variability associated with biomass due to 
latitudinal gradients and differences between species (Komiyama et al., 2005; World 
Agroforestry Center, 2009; Santini et al., 2012). Utilising existing allometric equations is 
encouraged by many forest inventory manuals, particularly in the interest of conservation 
(Kaufmann and Donato, 2012; VCS 2013, 2014; Howard et al., 2014). 
Considerable discussion remains regarding the efficacy of applying allometric equations 
for broad application, particularly those developed as common equations with the 
intention of being applied broadly (Soares and Schaeffer-Novelli, 2005; Cohen et al., 
2013; Estrada et al., 2014). Common equations that require minimal tree measurements 
Chapter 2: Background 
46 
are often advocated as generation of species-specific or region-specific equations may be 
too resource intensive for the required outcomes (Chave et al., 2005; Komiyama et al., 
2005). However, a common allometric equation is unlikely to provide the level of 
accuracy achieved when using species-specific or region-specific allometric equations. In 
their review on mangrove allometry, Komiyama et al. (2008) suggests that previous 
common equations have a relative error of ±10% when compared to species-specific and 
region-specific equations (Komiyama et al., 2005). They conclude that mangrove 
allometry is likely species-specific but less region-specific (Komiyama et al. 2008). 
However common equations, specifically those developed by Komiyama et al. (2005), 
focus only on tropical coastlines, and do not include mangrove harvest data from sub-
tropical or temperate areas, despite the authors advocating the widespread use of these 
allometric equations. 
Several authors argue that common equations cannot provide the level of accuracy 
required for accurate mangrove biomass estimates and that their capacity to account for 
variation is overstated (Soares and Schaeffer-Novelli, 2005; Cohen et al., 2013; Estrada 
et al., 2014). Application of common equations was compared to site-specific allometric 
equations developed for Avicennia schaueriana along a tropical coastline in southern 
Brazil (Estrada et al., 2014), with the authors reporting that common equations (i.e. Chave 
et al., 2005; Komiyama et al., 2005) had up to 25% error in estimates compared to 
harvested mangrove biomass. Furthermore, application of equations developed for genus 
Avicennia proved to be region-specific, whereby biomass estimates were substantially 
underestimated compared to harvested mangrove biomass, with up to 66% error (Estrada 
et al., 2014). Similarly, trends have also been demonstrated for mangrove in temperate 
regions where biomass estimates for Avicennia marina in New Zealand were markedly 
different despite using equations developed within the same region (Bulmer et al., 2016a). 
These results likely reflect variation in mangrove structure between sites that may not 
have been accounted for in previous studies (i.e. Woodroffe, 1985). 
Extrapolating mangrove biomass estimates, from allometric equations applied to 
quadrats, to landscape scale estimates, has been attempted in previous research to provide 
baseline estimates of mangrove biomass at continental and global scales (Twilley et al., 
1992; Hutchison et al., 2014; Rovai et al., 2016, Estrada and Soares, 2017). However, 
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these approaches are yet to capture processes that influence variation of mangrove 
biomass at different spatial scales. At continental and global scales, climate factors, such 
as temperature, rainfall and evapotranspiration, have been attributed as the cause of 
variability in mangrove biomass. This is despite the establishment of only weak 
relationships between predictor variables and mangrove biomass (r2 = 0.14, Hutchison et 
al., 2014; r2 = 0.2, Rovai et al., 2016; r2 = 0.28, Estrada and Soares, 2017). These studies 
indicate that there are predictor variables that have yet to be incorporated into models. At 
a local level vegetation structure as a significant control on mangrove biomass has 
received some recognition, however are yet to be incorporated into landscape scale 
estimates (Cohen et al., 2013; Estrada and Soares, 2017). 
2.3.6 Methods of assessment – saltmarsh 
Saltmarsh above-ground biomass is often determined by harvesting a small area, typically 
on the basis of replicate quadrats (Craft, 2013; Klemas, 2013; Howard et al., 2014). 
Replicates are taken for each species and often stratified to include the range of vegetation 
densities associated with local edaphic conditions such as salinity and inundation (Craft, 
2013). Selected quadrat size is dependent on species being sampled. For grass saltmarsh 
(i.e. Sporobolus virginicus) quadrate size is selected where a representative homogeneous 
area can be harvested (i.e. 30 cm x 30 cm). However for larger vegetation, such as sedges 
and rush saltmarsh (i.e. Juncus kraussii), quadrat size is generally dependent on sampling 
a number of individual plants representative of the broader area (Craft, 2013; Howard et 
al., 2014). Unlike mangrove biomass estimates, saltmarsh biomass estimates should 
coincide with peak biomass production in the summer as high variability can be 
associated with seasonality (Clarke and Jacoby, 1994; Craft, 2013; Howard et al., 2014). 
Allometric equations have been developed for saltmarsh species as a non-destructive 
alternative to harvesting (Thursby et al., 2002). These techniques have been applied to 
tall marsh stands, such as Phragmites australis (Whitaker et al., 2015) and Zizaniopsis 
millacea (Craft, 2013). The method involves developing a relationship between stem 
mass and height by harvesting a small subset and then applying this relationship to 
measured stems in quadrats (Craft, 2013; Howard et al., 2014). Although this approach 
has been effectively applied to determine biomass for select saltmarsh species, its broad 
application is limited to saltmarsh species that exhibit strong relationships between height 
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and productivity. For shrub saltmarsh, such as genus Tecticornia, estimating biomass by 
developing and applying allometric equations has been promoted due to their similar 
structure to shrub mangrove (Howard et al., 2014), however demonstrated research is 
limited to date. 
Extrapolating saltmarsh above-ground biomass to provide landscape-scale estimates can 
be particularly challenging due to high variability between species biomass and biomass 
density. Commonly, an average biomass value obtained from harvested replicate quadrats 
is multiplied by the extent of saltmarsh, delineated using remote sensing, to estimate 
above-ground biomass at the landscape scale (Howard et al., 2014). This extrapolation of 
average biomass values to larger areas may be reasonable across areas where saltmarsh 
structure is homogeneous, such as extensive monospecific stands of Spartina alterniflora 
in parts of the USA (Craft et al., 1999; Adam, 2002). However, where saltmarsh species 
diversity is high, distribution of species is in mosaics or zones and structure of species is 
variable, extrapolation will not capture the variability in biomass within a saltmarsh and 
will contribute to uncertainty, increasing the probability of erroneous estimates (Adam et 
al., 1988; Clarke and Jacoby, 1994; Saintilan, 2009a). This may be resolved to some 
degree by advances in remote sensing. More specifically, Lidar and hyperspectral 
imagery may provide an opportunity to delineate vegetation species and identify stand 
densities, enhancing the capacity to estimate saltmarsh biomass at larger spatial scales 
(Klemas, 2013). 
2.3.7 Terrestrial laser scanning 
Non-destructive techniques for estimating mangrove and saltmarsh above-ground 
biomass often do not provide the confidence required for many applications, such as 
determining productivity trajectories or quantifying carbon storage for off-setting 
initiatives (i.e. REDD+). The presumption that current non-destructive methods, such as 
allometry or remote sensing, are capable of providing estimates comparable to estimates 
from harvested vegetation may lead to erroneous conclusions as many non-destructive 
techniques oversimplify vegetation structure. Allometric equations developed for 
mangrove often do not capture the full range of morphological growth, particularly larger 
trees, resulting in limited application (Kauffman and Donato, 2012; Bonham, 2013; 
Olagoke et al., 2015). Saltmarsh biomass can be markedly variable in areas with high 
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species diversity, where their distribution in the landscape results in variable densities 
associated with salinity and inundation gradients (Adam, 1990; Clarke, 1993; Clarke and 
Jacoby, 1994; Saintilan, 2009a). 
Non-destructive methods that capture detailed structural information are required to 
provide confidence in biomass estimates. Airborne Lidar has improved landscape scale 
biomass estimates in coastal wetlands over the past two decades (Simard et al., 2006; 
Chadwick, 2011; Kuenzer et al., 2011; Klemas, 2013). As an active remote sensor, 
airborne Lidar is able to penetrate the vegetation canopy to provide a three-dimensional 
representation of vegetation structure (Lefsky et al., 2002; Lim et al., 2003). This has 
enabled detailed analysis of forest canopy and ground surface for estimating biomass, 
however analysis is limited when describing structural variability of woody 
compartments, particularly in dense mangrove stands. Emerging ground-based 
technologies such as TLS and SfM provide three-dimensional representations of 
vegetation structure that capture both woody and non-woody components in 
unprecedented detail (Cooper et al., 2017; Wallace et al., 2017). In particular, TLS can 
be used to model individual tree structure and estimate biomass with comparable results 
to destructive harvesting (Calders et al., 2015). 
TLS is a ground-based active remote sensor that collects high resolution three-
dimensional point clouds capable of providing detailed structural morphology of 
vegetation (Newnham et al., 2015). TLS has been demonstrated to effectively measure 
structural characteristics of vegetation such as tree diameter, height, and canopy metrics 
(Hopkinson et al., 2004; Strahler et al., 2008), as well as fuel bed loads (Loudermilk et 
al., 2009) and physiological functions such as photosynthesis (Magney et al., 2014) and 
nitrogen content (Eitel et al., 2014). Previous studies have also used TLS in forested and 
pasture environments to demonstrate its application to measure biomass (Olsoy et al., 
2014; Calders et al., 2015; Greaves et al., 2015; Cooper et al., 2017; Wallace et al., 2017). 
TLS provides clear benefits to traditional biomass measures as it is non-destructive and 
captures a level of detail that cannot be achieved using traditional measures (Newham et 
al., 2015). 
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Application of TLS in coastal wetlands for estimating biomass has been limited compared 
to terrestrial ecosystems. Modelling saltmarsh biomass has been attempted however with 
limited success (Edwards, 2016). For mangrove, previous research has established TLS 
as a viable alternative to harvesting for developing allometric equations to estimate 
biomass (e.g. Feliciano et al., 2014; Olagoke et al., 2015). These studies demonstrate the 
potential of TLS in quantifying biomass in coastal wetlands, however suggest that future 
research is required to validate broad application of findings. 
2.4 Below-ground carbon storage 
2.4.1 Below-ground carbon storage 
Below-ground biomass consists of roots and rhizomes which can be extensive in 
vegetated coastal ecosystems (Mcleod et al., 2011). Root and rhizome biomass can 
contribute 50 – 95% of vegetative biomass in saltmarsh (Howard et al., 2014). Roots are 
also extensive in mangrove forests, both laterally and up to several metres deep, and can 
make a substantial contribution to carbon storage (13 – 15%; Alongi, 2014). However 
studies on below-ground biomass are limited, particularly in comparison to soil carbon 
storage (Njana et al., 2015; Bulmer et al., 2016b). This is likely due to the markedly 
greater carbon storage in soil than in below-ground biomass (Alongi, 2014). It is 
important to recognise that current methods for estimating soil carbon storage likely 
include below-ground biomass due to difficultly removing fine roots as well as 
differentiating between live and dead roots (Robertson and Dixon, 1993). Studies that do 
differentiate below-ground biomass involve tedious and difficult fieldwork (i.e. earth 
moving equipment for excavation) and laboratory analysis that is very resource intensive 
(Howard et al., 2014; Njana et al., 2015). Accurate assessment of below-ground biomass 
is further complicated by the complex root structures of coastal ecosystems, resulting in 
a range of estimates depending on sampling technique (Komiyama et al., 1987; Robertson 
and Dixon, 1993; Ong et al., 2004; Comley and McGuinness, 2005; Adame et al., 2014; 
Njana et al., 2015; Bulmer et al., 2016b). 
Soil carbon storage is the largest and most significant carbon pool in coastal wetlands 
(Twilley et al., 1992; Chmura et al., 2003; Lovelock, 2008; Donato et al., 2011; Mitsch 
et al., 2013; Alongi, 2014). Mangrove soil carbon storage estimates range from > 1000 
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Mg C ha-1 in Indonesia to 72 Mg C ha-1 in Saudi Arabia (Donato et al., 2011; Murdiyarso 
et al., 2015; Atwood et al., 2017), with a global average of 283 ± 193 Mg C ha−1 (Atwood 
et al., 2017). Given the global extent of mangrove estimated by Hamilton and Casey 
(2016), this amounts to 2.6 Pg C stored globally in mangrove soils. Strikingly, this is 
likely an underestimate due to conservative mapping and carbon storage assessment that 
only considers the surface 1 metre of sediment (Atwood et al., 2017). Existing data 
suggests carbon rich soils in mangrove ecosystems can extend to more than 10 metres in 
depth in peat-forming environments, accumulating over several millennia (McKee et al., 
2007; Serrano et al., 2014). Similarly for saltmarsh soil carbon storage, global estimates 
have only considered the surface 1 metre of sediment despite organic rich soils reported 
3-5 metres deep and more than 3, 000 years old (Allen, 2000; van Ardenne et al., 2018). 
Average saltmarsh carbon storage has been estimated at 165 Mg C ha-1 across Australia, 
similar to conservative global estimates (162 Mg C ha-1; Pendleton et al., 2012), with soil 
carbon storage ranging from 14 Mg C ha-1 to 963 Mg C ha-1 (Macreadie et al., 2017b). 
Despite considerable attention given to quantifying mangrove and saltmarsh carbon 
storage, our knowledge of spatial and temporal variation of soil carbon storage in coastal 
wetlands is limited (Gilman et al., 2008; Mcleod et al., 2011; Hansen and Nestlerode, 
2013; Hayes et al., 2017; Rogers et al., 2018). Research has focused largely on 
understanding the role coastal wetland systems play in the carbon cycle by measuring and 
characterising carbon in these systems (Mcleod et al., 2011). However, trends identified 
in coastal wetland carbon storage, described at continental and global scales, may not 
translate to trends identified at local and regional scales. For example, it has been 
established that mangrove have greater carbon storage than saltmarsh (Chmura et al., 
2003; Pendleton et al., 2012; Alongi, 2014). There is increased recognition that this 
observation is more complex and often not reflected at local scales, particularly in 
temperate regions where mangrove and saltmarsh co-exist (Saintilan et al., 2013; Ewers 
Lewis et al., 2017; Hayes et al., 2017). This is likely associated with processes that operate 
at different spatial and temporal scales, influencing carbon storage.  
2.4.2 Influence of climate and geomorphology on soil carbon storage 
Globally, variation in coastal wetland soil carbon storage has been attributed to climatic 
factors such as temperature and rainfall (Chmura et al., 2003; Jardine and Siikamäki, 
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2014; Sanders et al., 2016). Mangrove soil carbon storage in tropical settings is higher 
than temperate settings (Donato et al., 2011; Atwood et al., 2017). However soil carbon 
storage is not described by a latitudinal gradient (Atwood et al., 2017; Estrada and Soares, 
2017), despite being established for above-ground biomass (Twilley et al., 1992; 
Hutchison et al., 2014; Rovai et al., 2016). A recent study suggests that global mangrove 
soil carbon storage may be driven by rainfall (r2 = 0.62, Sanders et al., 2016), however 
limited data constrains this assertion as many authors suggest regional influences (i.e. 
geomorphic setting, tide regime, sediment composition) must be accounted for (Chmura 
et al., 2003; Alongi, 2014; Atwood et al., 2017; Macreadie et al., 2017b; Rogers et al., 
2018; Rovai et al., 2018; van Ardenne et al., 2018). Additionally, significant variations 
in carbon additions of wetland environments, such as peat accumulation in settings where 
sea level has risen at a decelerating rate over the past few millennia (McKee et al., 2007; 
McKee, 2011), are not likely to reflect global variations in temperature and rainfall. 
Geomorphic setting and regional biophysical parameters, such as tidal regime and 
sediment input, influence soil carbon additions and losses (Adame et al., 2010; Donato et 
al., 2011; Saintilan et al., 2013; Rovai et al., 2018; van Ardenne et al., 2018). River-
dominated environments receive large sediment input from the catchment which can be 
particularly high in organic matter (Donato et al., 2011). In low energy environments 
sediment deposition on the wetland surface is favourable and additions from 
allochthonous material can be a considerable carbon input (Chmura et al., 2001; 
Woodroffe et al., 2016; Twilley et al., 2017). In contrast coastal wetlands on wave-
dominated coastlines, despite potential high input of allochthonous material, are 
characterised by coarse grain sediments often lower in organic matter content (Roy et al., 
2001; Saintilan et al., 2013; Kelleway et al., 2016). 
Geomorphic units within an estuary, defined broadly by distinct sedimentary zones, 
influence soil carbon additions and losses. Intertidal environments suitable for mangrove 
and saltmarsh establishment and development are common of both the marine and fluvial 
tide deltas (Roy et al., 2001). However geomorphic units exhibit different sediment types 
where the fluvial tide delta is characterised by finer grain sediments and higher 
contributions of organic matter from catchment inputs than the marine tide delta 
(Kelleway et al., 2016). Consequently, soil carbon storage has been demonstrated to be 
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higher for fluvial areas than marine areas despite variation in species composition 
(Lovelock et al., 2013; Saintilan et al., 2013; Kelleway et al., 2016; Hayes et al., 2017; 
Macreadie et al., 2017b; Xiong et al., 2018). 
2.4.3 Influence of species composition on soil carbon additions 
Species composition and vegetation structure influence soil carbon additions in coastal 
wetlands. This has been demonstrated for mangrove species in zones parallel to the 
shoreline that describe spatial variation in soil carbon storage (Rahman et al., 2015; Gress 
et al., 2017). Atwood et al. (2017) describes soil carbon storage variation for widespread 
mangrove species at a global scale, however some observations (i.e. Rhizophora spp. > 
Avicennia spp. carbon storage) conflict with regional studies (i.e. Avicennia spp. > 
Rhizophora spp. carbon storage, Hayes et al., 2017), suggesting other factors are required 
to fully explain influences on carbon additions and losses. Carbon storage can also vary 
with saltmarsh species, particularly in temperate areas with high floristic diversity. In 
southeast Australia the rush Juncus kraussii exhibits higher carbon storage compared to 
herb and grass species such as Sporobolus virginicus and Sarcocornia quinqueflora 
(Lovelock et al., 2013; Saintilan et al., 2013; Macreadie et al., 2017b), however 
considerable variation exists between Sporobolus virginicus and Sarcocornia 
quinqueflora (Howe et al., 2009; Kelleway et al., 2017b). 
Structural differences between mangrove and saltmarsh species may influence carbon 
storage in three ways. First, input of autochthonous carbon in the soil profile will vary 
with root characteristics as well as relative contribution dependent on biomass allocation 
(i.e. root/shoot ratio) (Saintilan, 1997a, b; Krauss et al., 2008; Lovelock, 2008; Bulmer et 
al., 2016b). For example, Avicennia marina has extensive cable roots that can extend for 
several metres laterally, however prop roots of Rhizophora stylosa likely extend deeper 
in the soil profile (Clough, 1982; Saenger, 2002). Second, rates of primary productivity 
vary with species (Kelleway et al., 2017b). Juncus kraussii has a higher turnover of shoot 
material compared to Sarcocornia quinqueflora (Clarke and Jacoby, 1994), likely 
influencing availability of autochthonous material for decomposition and burial in the soil 
profile. Third, vegetation structure influences retention of tidally-borne allochthonous 
material (Kelleway et al., 2017b). Mangrove species with dense roots have greater 
capacity to trap allochthonous material in the water column due to greater structural 
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complexity than species with simple surface root structures (Alongi, 2009, 2014; Twilley 
et al., 2017). Similarly, shoot density of saltmarsh species influences trapping of mineral 
particles on plant stems, where greater density will likely increase retention of 
allochthonous material (Morris et al., 2002; Mudd et al., 2004, 2010). 
Species composition and vegetation structure often reflect edaphic conditions, resulting 
in zones broadly associated with tidal inundation (Rogers et al., 2017a). This dynamic is 
important to recognise when establishing relationships between vegetation and carbon 
storage, as erroneous conclusions may result from confounding observations. For 
example, significant differences in carbon storage identified for widespread mangrove 
species around the world may be an artefact of their likely position in the intertidal due 
to physiological tolerances and preferential habitats (Atwood et al., 2017). Similarly, 
higher carbon storage of Juncus kraussii in southeast Australia may be influenced by its 
position in the intertidal relative to Sporobolus virginicus and Sarcocornia quinqueflora 
(Kelleway et al., 2017b). Carbon storage is likely influenced by vegetation and inundation 
dynamics that can be difficult to delineate when establishing primary controls. This may 
be particularly evident for similar carbon storage of mangrove and saltmarsh in regions 
where they co-exist (Ewers Lewis et al., 2017), where higher carbon sequestration 
capacity of mangrove is offset by longer carbon accumulation of saltmarsh associated 
with position in the landscape. 
2.4.4 Influence of edaphic conditions on soil carbon storage 
Edaphic conditions in coastal wetlands are conducive to long term carbon retention and 
exert considerable affect on carbon additions and losses, primarily by influencing 
vegetation distribution and structure, and the rate of organic matter decomposition 
(Bridgham and Lamberti, 2009; Feller et al., 2010; Adame and Lovelock, 2011; Rogers 
et al., 2017a). Edaphic conditions are spatially explicit, influenced by the interaction of 
tides and freshwater contributions with underlying geomorphology (Krauss et al., 2006; 
White and Reddy, 2009; Adame et al., 2013; Twilley et al., 2017). Where inundation is 
regular, decomposition is reduced. However, areas where inundation is less frequent or 
only inundated for short periods of time, decomposition is enhanced (Bridgham and 
Lamberti, 2009; Dise, 2009). Soil carbon storage, particularly in surface sediments, is 
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greater in areas frequently inundated compared to areas intermittently flooded (Bernal 
and Mitsch, 2008; Adame et al., 2013). 
Salinity is an important control on carbon storage that varies spatially with inundation 
dynamics (Adame et al., 2013). Soil salinity is influenced primarily by the tide, however 
freshwater contributions from groundwater flows and rainfall run-off also influence soil 
salinity, meaning that soil salinity does not always exhibit a linear relationship with 
hydroperiod or elevation (Krauss et al., 2008; Rogers and Saintilan, 2008). Across the 
intertidal landscape, carbon storage has been shown to increase with decreasing salinity 
(Adame et al., 2013; Rahman et al., 2015). This is somewhat surprising as saline 
conditions contribute to reducing decomposition in coastal wetlands (Reddy et al., 2000; 
Verhoeven, 2009; Poffenbarger et al., 2011). This may be explained by areas of 
hypersalinity, recognisable in the landscape by stunted mangrove growth or sparse 
density of saltmarsh vegetation that do not receive regular tidal flushing or a freshwater 
input, where carbon storage is reduced due to decreased primary productivity of 
vegetation. Furthermore areas that receive freshwater contributions likely have high 
nutrient availability, increasing primary productivity of vegetation, that contribute to 
increased carbon storage (Reef et al., 2010; Atkins et al., 2013; Gleeson et al., 2013). 
2.4.5 Methods of assessment 
Methods to assess coastal wetland soil carbon storage are dependent on the scale of 
assessment and level of accuracy required. Similar to guidelines on above-ground 
biomass, the IPCC outlines tiers of assessment regarding anthropogenic greenhouse gas 
emissions and removals associated with soil carbon storage (IPCC, 2014). Tier 1 
assessments are considered where no data on soil carbon storage is available for the study 
area. These assessments rely on default values for each vegetation type, mangrove, 
saltmarsh and seagrass, which is further segregated on the basis of whether soils are 
mineral or organic matter dominated (Table 2.5). Organic soils are defined as soil where 
organic matter represents more than 20% of sediment (USDA, 1999). Where soil type is 
unknown, an aggregated value may be used. Default values are based on global mean data 
to 1 metre depth. 
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Table 2.5 Default values provided by IPCC (2014) for coastal wetland soil carbon storage to 1 m depth (Mg 
C ha-1). 
Vegetation Organic soil Mineral soil Aggregated soil 
 Average Range Average Range Average Range 
Mangrove 471 216 – 935 286 55 – 1376 386 55 – 1376 
Tidal marsh 340 221 – 579 226 15.6 – 623 255 15.6 – 623 
 
Tier 2 assessments use country-specific values disaggregated based on vegetation type 
and soil type (IPCC, 2014). Tier 2 assessments have been used to develop national carbon 
inventories or extrapolate from soil carbon storage estimates collected over smaller 
spatial extents to regional or continental scale estimates (Twilley et al., 1992; Chmura et 
al., 2003; Donato et al., 2011; Ouyang and Lee, 2014; Hinson et al., 2017; Macreadie et 
al., 2017b). Despite using soil carbon values derived from a study area, extrapolation to 
large areas is common practice, where considerable uncertainty in estimates is likely. 
These uncertainties are amplified when soil carbon values are not accurate representations 
of the study area or consistent with the soil carbon storage of the area that values are being 
extrapolated to estimate (van Ardenne et al., 2018). 
Tier 3 assessments attempt to provide detailed information on carbon storage in coastal 
wetland sediment. This is facilitated through repeatable measures to account for some 
spatial and temporal variability. Extrapolation from core data to the wetland scale is 
typically achieved using detailed mapping and modelling (Kauffman and Donato, 2012; 
Howard et al., 2014). Tier 3 assessments are commonly performed at region-specific or 
site-specific scales, identifying spatial variability in soil carbon storage associated with 
vegetation (Howe et al., 2009; Livesley and Andrusiak, 2012; Ewers Lewis et al., 2017; 
Kelleway et al., 2017b), habitat types (Lovelock, 2008; Sanders et al., 2010; Lawson et 
al., 2014; Bulmer et al., 2016b; MacKenzie et al., 2016; Nam et al., 2016; Gress et al., 
2017; Hayes et al., 2017; Marchand, 2017), as well as geomorphological influences 
(Donato et al., 2011; Saintilan et al., 2013; Kelleway et al., 2016; Rogers et al., 2018; van 
Ardenne et al., 2018; Van de Broek et al., 2018). National off-setting programs require 
tier 3 or equivalent assessments so that changes in carbon storage capacity can be 
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sufficiently demonstrate as a result of management intervention (VCS, 2013, 2014, 2015; 
Kelleway et al., 2017c). 
2.4.6 Standardised methodology 
For tier 2 and 3 assessments, standardised methods have been developed for quantifying 
soil carbon storage in coastal wetlands (Kauffman and Donato, 2012; Howard et al., 2014; 
VCS, 2014). These methods recommend extracting sediment cores to a minimum 1 metre 
depth in each blue carbon environment, mangrove, saltmarsh, seagrass. Importantly, 
extracted cores are corrected for compaction associated with organic rich sediment and 
then sampled at intervals based on sediment horizons or specified depths. After samples 
have been selected, sediment dry bulk density (g cm-3) is quantified and carbon content 
(% C) analysed to estimate carbon density of sediment (C g cm-3). 
Carbon content can be measured using two different methods, by direct analysis of carbon 
in sediment using an elemental analyser (Mazumder et al., 2010; Wotherspoon et al., 
2015), or indirectly through methods such as loss-on-ignition (LOI) (Ball, 1964; Heiri et 
al., 2001). The LOI method analyses total organic matter in samples and a conversion 
factor is thereafter applied based on relationships developed for mangrove and saltmarsh 
elsewhere (Howard et al., 2014). These relationships are often highly dependent on 
vegetation type and sediment type (e.g. r2 = 0.59 for mangrove, Kauffman et al., 2011; r2 
= 0.99 for saltmarsh, Craft et al., 1991). Estimating carbon content using LOI has been 
reported to overestimate organic carbon due to heterogeneous sediment composition, 
particularly concerning clay content and abundance of carbonate material (Hirota and 
Szyper, 1975; Leong and Tanner, 1999; Barillé-Boyer et al., 2003). Direct analysis of 
carbon content is preferred to limit uncertainty in soil carbon estimates. 
Soil carbon storage (Mg C ha-1) is calculated by estimating carbon density for each sample 
depth and compiling all sample estimates for the recovered sediment core length. Between 
sample intervals, carbon density is assumed to be homogeneous where a mean value is 
applied over the depth range until the subsequent sample (Howard et al., 2014). This 
calculation approach is advocated in the guidelines and has subsequently been used by 
many authors (e.g. Donato et al., 2011; Rahman et al., 2015; Kelleway et al., 2016; Hayes 
et al., 2017; Marchand, 2017). However, as carbon density likely varies between sample 
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depths, methods should reduce uncertainty by applying functions to interpolate between 
sample depths (e.g. Ewers Lewis et al., 2017). 
2.4.7 Concerns with previous methods of assessment 
Established guidelines for estimating soil carbon storage in coastal wetlands is important 
for consistency of reporting and enables comparative analysis. However previous 
research exhibits highly variable estimates of soil carbon storage, perhaps due to 
inconsistent experimental design and extrapolation methods that do not account for 
spatial and temporal variability at smaller scales (i.e. within a wetland) (Mcleod et al., 
2011). This has led to conflicting relationships being established between soil carbon 
storage and vegetation type at different spatial scales (i.e. mangrove > saltmarsh carbon 
storage). Recognising processes that operate at different spatial and temporal scales must 
be considered in experimental design to avoid erroneous conclusions assumed to be 
consistent over broad scales (Mcleod et al., 2011; Hayes et al., 2017; Rogers et al., 2018). 
These processes should be recognised through sampling depth, sampling design, and 
substantiated extrapolation (Kauffman and Donato, 2012; Howard et al., 2014). 
Soil carbon storage has historically been estimated for surface sediment, particularly 
when identifying changes caused by anthropogenic activities. Soil carbon storage 
assessments for terrestrial forests and agricultural soils often limit sample depth to the 
upper 30 cm of the soil profile as this represents that most vulnerable to land-use change 
(Kauffman and Donato, 2012; Kelleway et al., 2017c). Translocation of techniques may 
not be suitable for coastal wetland environments. Carbon in coastal wetland sediments is 
not cycled as is common in terrestrial soils, rather soil carbon storage in coastal wetlands 
can extend several metres deep due to the persistence of coastal wetlands and their 
capacity to not become carbon saturated (McKee et al., 2007).  
Inconsistency in sampling depth has led to various conclusions regarding vegetation type 
and soil carbon storage. For example, estimates presented for global comparison suggest 
that mangrove sediments have higher carbon storage than saltmarsh (Chmura et al., 2003; 
Duarte et al., 2005; Pendelton et al., 2012; Alongi, 2014). However this relationship is 
not as clear at local and regional scales, particularly where mangrove and saltmarsh co-
exist. For southeast Australia several authors have reported conflicting observations about 
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mangrove and saltmarsh carbon storage (Howe et al., 2009; Livesley and Audrusiak, 
2012; Saintilan et al., 2013; Ewers Lewis et al., 2017; Hayes et al., 2017), however 
inconsistency in sampling depth and design means a broad conclusion cannot be 
substantiated. Sampling efforts need to differentiate surface and sub-surface processes 
associated with carbon storage before establishing broad relationships (Hoojoer et al., 
2006; Pendleton et al., 2012; Van de Broek et al., 2018; Xiong et al., 2018). 
Soil carbon storage estimates in coastal wetlands have primarily focused on 
characterising carbon on the basis of broad vegetation units, such as mangrove, saltmarsh, 
seagrass (Howard et al., 2014). This stratification is advocated in assessment guidelines 
as quantifying carbon storage for off-setting initiatives and carbon inventories requires 
estimates for vegetation type (i.e. mangrove, saltmarsh, seagrass) (IPCC, 2014; VCS, 
2014; Kelleway et al., 2017c). However recent research has challenged the assumption 
that vegetation type is the primary influence on soil carbon storage. This is particularly 
evident for areas where mangrove and saltmarsh co-exist, where carbon storage can be 
described by sediment type (Kelleway et al., 2016; Xiong et al., 2018), position in the 
landscape (Bulmer et al., 2016b; Hayes et al., 2017; Rogers et al., 2018), and vary 
significantly on the basis of species composition (Howe et al., 2009; Lovelock et al., 
2013; Saintilan et al., 2013; Macreadie et al., 2017b). Although vegetation type has an 
important influence on carbon additions, particularly in surface sediments (Marchand, 
2017; Walcker et al., 2018), sampling design should consider geomorphological controls 
to account for spatial variation. 
Extrapolating carbon storage estimates to large spatial extents has been attempted across 
many spatial scales. In particular, landscape scale estimates are required for low carbon 
economies that wish to monetise carbon storage by financing restoration projects that 
mitigate anthropogenic greenhouse emissions (Gibbs et al., 2007; Thomas, 2014). Despite 
the financial implications, many extrapolation approaches are highly simplified and often 
incapable of accounting for spatial variation associated with processes that operate across 
different spatial and temporal scales (Mcleod et al., 2011; Sutton-Grier and Moore, 2016). 
The common approach determines carbon storage for vegetation types to a predetermined 
depth where a mean value is established and extrapolated based on mapped vegetation 
extent corresponding to area of interest. This approach, though recognised as best practice 
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(Kauffman and Donato, 2012; Howard et al., 2014; VCS, 2014), provides carbon storage 
estimates with considerable uncertainty. Variation in soil carbon storage across the area 
of interest is typically poorly quantified, particularly when extrapolating to regional, 
continental or global vegetation extents (e.g. Sanders et al., 2016; Atwood et al., 2017; 
Ewers Lewis et al., 2017; Hayes et al., 2017; Macreadie et al., 2017b; Rovai et al., 2018).  
Considerable discussion remains regarding the efficacy of extrapolating estimates from 
sediment cores to provide landscape scale estimates of carbon storage (Mcleod et al., 
2011; Nahlik and Fennessy, 2016; Hinson et al., 2017). This may be resolved to some 
degree by detailed mapping that recognises influences on carbon storage within a wetland 
(Gibbs et al., 2007). Previous methods have been limited by coarse scale mapping that do 
not necessarily correspond to the spatial scale of soil carbon estimates. Recent research 
suggests that carbon storage estimates can be spatially resolved using predictive models 
(Siikamäki et al., 2012; Jardine and Siikamäki, 2014; Gress et al., 2017). These predictive 
models indicate correlations between soil carbon storage and climatic variables (Jardine 
and Siikamäki, 2014) as well as species-specific interactions (Gress et al., 2017), however 
predictions of carbon storage are confounded by the scale of mapping and the resolution 
of the underlying imagery from which mapping was undertaken (Hinson et al., 2017).  
2.5 Summary and scope of thesis 
Saline coastal wetlands, particularly mangrove and saltmarsh, occupy intertidal areas 
where low energy hydrodynamic conditions favour wetland vegetation establishment and 
growth. Mangrove and saltmarsh provide an essential ecosystem service that has 
widespread benefits; globally recognised as valuable sinks of organic carbon due to their 
high rates of productivity and saline waterlogged conditions conducive to long-term 
carbon storage. However, carbon storage is not spatially homogeneous. Environment 
gradients in edaphic conditions (i.e. anoxia and soil salinity) exert considerable influence 
on carbon additions by vegetation and carbon losses through decomposition. In addition, 
mangrove and saltmarsh exhibit various physiological and morphological adaptations in 
response to edaphic conditions, where vegetation distribution and structure likely 
correlate to variation in biomass and carbon additions to substrates. Southeast Australia 
provides an ideal natural laboratory to examine spatial variation of biomass and carbon 
storage with respect to complex vegetation distribution and structure. 
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Research has focused largely on understanding the role coastal wetland systems play in 
the carbon cycle by measuring and characterising carbon in these systems. Processes 
influencing spatial variation of carbon storage have been described at large spatial scales 
(e.g. national, continental, global), however variation at smaller spatial scales (i.e. within 
a wetland) have not been adequately considered. Tier 3 assessments are required for 
national carbon accounts and off-setting initiatives, that describe significant variation in 
carbon storage at a site level. Current standardised methodologies characterise above- and 
below-ground carbon based on broad vegetation units (i.e. mangrove and saltmarsh) 
where mean values may not reflect variation within a wetland.  
This thesis presents methods that represent tier 3 assessments of carbon storage by 
describing variation within a wetland, recognising vegetation structure. This is achieved 
by measuring above-ground biomass of mangrove and saltmarsh, using allometric 
equations and harvesting, that describe variation in vegetation distribution and structure. 
However, given the conservation status of mangrove and saltmarsh globally, accurate 
non-destructive methods need to be developed. Recent advances in ground-based remote 
sensing technologies, such TLS may be able to provide highly accurate estimates of 
biomass that require minimal calibration (if any) using destructive harvesting. 
Soil carbon storage represents the largest and most significant carbon pool in coastal 
wetlands. Despite considerable attention given to quantifying mangrove and saltmarsh 
carbon storage, our knowledge of spatial and temporal variation of soil carbon storage in 
coastal wetlands is limited. Methods of assessment do not reflect processes that operate 
at the wetland surface that influence carbon storage. Recent studies have focused on 
geomorphic units with an estuary, however given sea level change it is important to 
incorporate the hydrology aspect as well to describe inundation dynamics. This is 
achieved in this thesis by stratified sampling and reporting of soil carbon with respect to 
vegetation distribution and structure that reflect edaphic conditions at the wetland surface. 
In addition, sampling is restricted to surface sediment (i.e. upper 30 cm), where soil 
carbon additions and losses reflect surface processes. 
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3.1 Introduction 
Coastal ecosystems, particularly mangrove and saltmarsh, provide a range of ecosystem 
services including coastal protection for infrastructure, water purification, erosion 
control, and maintenance for commercial fisheries resources (Barbier et al., 2011; Lee et 
al., 2014). Ecosystem services are receiving considerable attention as they justify the 
value of ecosystems and their continuing need for conservation and restoration (Boyd and 
Banzhaf, 2007). Ecosystems are underpinned by components, which are the abiotic and 
biotic characteristics associated with ecosystem structure; and processes which are the 
result of complex interactions between these components (de Groot et al., 2002; Boyd 
and Banzhaf, 2007; Barbier et al., 2011; Hermann et al., 2011). Together components and 
processes perform functions, for example carbon sequestration, that contribute to 
important ecosystem services such as climate change mitigation (Figure 3.1). 
Ecosystem services provided by coastal ecosystems are spatially and temporally variable 
(Ewel et al., 1998; Barbier et al., 2011). Remote sensing is commonly used to analyse this 
variability, however, this has largely focused on mapping the distribution of vegetation 
communities through time, and rarely to species or genera level (Adam et al., 2009). 
Previous mapping of vegetation communities using remote sensing focuses on the 
components of an ecosystem. This results in having only tenuous links to the ecosystem 
services they provide due to the lack of information about the processes contributing to 
ecosystem function. More information about the function of ecosystems, and the 
interaction of ecosystem components and processes, is required to determine the spatial 
distribution of ecosystem services and to enable more accurate assessment of the value of 
coastal ecosystems. 
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Figure 3.1 Hierarchical figure demonstrating ecosystem services as elements of components and natural 
processes. Dashed line indicates potential proxy. Adapted from de Groot et al. (2002), Barbier et al. (2011), 
Hermann et al. (2011). 
Evaluating ecosystem processes using remote sensing is challenging, however, ecosystem 
components can be used as a proxy to infer processes that cannot be easily measured, as 
some processes correlate with aspects of components. The level of detail in which 
ecosystem components are mapped limit their use as a proxy for processes. Delineating 
ecosystem components at a vegetative morphological level that identifies vegetation 
structure within vegetation communities provides additional information that relates to 
ecosystem processes (Figure 3.1). For example, mangrove communities have higher soil 
carbon sequestration rates compared to saltmarsh communities (Chmura et al., 2003; 
Livesley and Andrusiak, 2012; Pendleton et al., 2012; Alongi, 2014). Although the spatial 
variation of some processes can be differentiated on the basis of mapping vegetation 
communities, others require detailed mapping of the vegetative morphology within 
communities or genera. For example, mangrove communities have different vegetation 
heights and densities which define the ecosystem functions, such as habitat suitability for 
water birds (Noske, 1995, 1996). Capturing this level of vegetative morphological detail 
will enable a more informed understanding of the variability in ecosystem functions and 
ultimately the value of ecosystem services in coastal wetlands. 
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The aim of this study was to delineate wetland vegetation, particularly mangrove and 
saltmarsh, at a vegetative morphological level that identifies spatial complexity in 
vegetation structure. This will provide further information on the spatial and temporal 
variability of ecosystem components and correlations to ecosystem processes. Detailed 
delineation of vegetation structure has been limited in previous research due to spatial 
complexity of wetland vegetation and the inability of traditional remote sensing data and 
approaches to identify important structural features. A common methodology for 
producing fine scale wetland vegetation mapping is using aerial imagery to manually 
delineate vegetation communities in a geographic information system (GIS) with expert 
knowledge (CSIRO, 1994; Chafer, 1998; Saintilan and Wilton, 2001; Oliver et al., 2012). 
Other approaches include using satellite imagery with automated classification 
methodologies such as spectral unmixing, decision tree classifiers, and support machine 
vectors (Ozesmi and Bauer, 2002; Kuenzer et al., 2011). These traditional methodologies 
have been unable to identifying structural features to a higher degree of detail or accuracy 
(Adam et al., 2009). This study overcomes these limitations by combining aerial imagery 
with Lidar point cloud data. Lidar data enables detailed structural information about 
vegetation to be obtained that is not possible with imagery (see Heumann, 2011b). 
Previous research has demonstrated higher classification accuracies when utilising Lidar 
data coupled with multispectral imagery to aid classification of spectrally similar species 
that have different structural morphologies (Chust et al., 2008; Ke et al., 2010).  
Furthermore, an object-based image analysis (OBIA) approach is utilised in this study. 
The OBIA methodology achieves high classification accuracies of remotely-sensed data 
as it incorporates both spectral and spatial properties of the data (Vo et al., 2013). 
Comparative studies of OBIA and traditional pixel-based image analysis (PBIA) 
demonstrate the advantages of the OBIA methodology as well as higher accuracies in 
classification (Kamal and Phinn, 2011; Ouyang et al., 2011; Dronova et al., 2012). 
Detailed structural characteristics have been investigated and proven useful for 
identifying ecological complexity, such as mangrove forest morphology and stand density 
(Kim et al., 2011; Rokitnicki-Wojcik et al., 2011; Vo et al., 2013), saltmarsh genera 
(Ouyang et al., 2011), and vegetation health after storm events (Liu et al., 2014). Research 
by Dronova et al. (2012) was the first to use OBIA classification to delineate C3 and C4 
metabolic pathways in vegetation using structural characteristics that correlated with 
these processes. In Australia, research by Kamal and Phinn (2011) used hyperspectral 
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imagery to classify wetland vegetation at a community level, inclusive of mangrove and 
saltmarsh communities. More recent research delineated mangrove forest type, including 
open scrub, low-close forest and high close forest (Kamal et al., 2014) with a high degree 
of accuracy. Previous research demonstrates the utility of OBIA in delineating structural 
variation in wetland vegetation, however the link to ecosystem services has not been 
considered in sufficient detail. 
This research provides a rapid assessment methodology for identifying spatial complexity 
in wetland vegetation structure. It also provides a platform to examine the spatial 
variability of ecosystem processes associated with vegetation composition and structure, 
such as carbon sequestration potential and current carbon store. This will facilitate a more 
informed understanding of the variability in ecosystem functions and ultimately the value 
of ecosystem services in coastal wetlands. 
3.2 Methods 
3.2.1 Study Area 
Southeast Australia is a wave-dominated coastline (Sloss et al., 2007). Saline coastal 
wetlands are restricted to estuaries and embayments along the coast where low energy 
hydrodynamic conditions occur (Roy et al., 2001). The temperate climate of southeast 
Australia supports mangrove and saltmarsh communities which occur along intertidal 
shorelines (Adam, 1990; Duke, 2006). Mangroves are typically positioned lower within 
the tidal frame and saltmarsh is typically positioned higher in the tidal frame. Two species 
of mangrove are present in this region, predominantly Avicennia marina and also 
Aegiceras corniculatum. Commonly present saltmarsh species include Sporobolus 
virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora (Adam et al., 
1988; Clarke, 1993). To assess the replicability of the approach in this study, three sites 
with similar geomorphic setting and tidal range (approximately 2 m) within the study 
region were selected; Minnamurra River, Cararma Inlet and Currambene Creek (Figure 
3.2). However they differ in environmental influences, such as catchment size, substrate 
type, and hydrodynamics. 
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Figure 3.2 Location of study sites in southeast Australia. Data source: Imagery © ESRI Basemaps. 
3.2.2 Remote Sensing Data 
The remote sensing data used in this study included readily available aerial imagery and 
Lidar data provided by the Land and Property Information, NSW. The aerial imagery 
consisted of red, green and blue (RGB) spectral bands and was captured in 2009 using an 
ADS40 instrument mounted on a light aircraft. Data were obtained as an ortho-rectifed 
GeoTIFF with a spatial resolution of 0.5 m. The Lidar data was obtained as a C3 classified 
LAS file point cloud with a footprint size of 0.62 m2. The Lidar data were captured in 
2010-2011 using an ALS50-II laser scanner mounted on a light aircraft. Upon receipt, 
both data types did not require further pre-processing or correcting. Table 3.1 summarises 
the technical specifications of the remote sensing data used in the study. 
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Table 3.1 Technical specification of aerial imagery and Lidar data. 
Aerial imagery Lidar 
Sensor ADS40 Sensor ALS50-II 
Time of capture February 2009 Time of capture December 2010 – April 
2011 
Data type Orthorectified GeoTIFF Data type LAS 
Spatial resolution 0.5 m Footprint size 0.62 m2 
Spectral resolution 3 bands 
red (608–662 nm) 
green (533–587 nm) 
blue (428–492 nm) 
Intensity wavelength 1064 nm 
Radiometric resolution 12 bits/band Accuracy H: 0.8 m, V: 0.3 m 
 
3.2.3 Field Data 
Preliminary reconnaissance at each site identified suitable vegetation structural 
classifications. Vegetation morphology was characterised as one of eleven dominant 
structural vegetation forms (Table 3.2, Figure 3.3), broadly reflecting position in the tidal 
frame. Mangroves were classified as tall mangrove, shrub mangrove, or dwarf mangrove. 
Tall mangroves were typically 3 – 8 m in height with a diameter at breast height (DBH) 
greater than 15 cm. Shrub mangroves were defined as a height range between 3 m and 
1.3 m with a DBH less than 15 cm. Dwarf mangroves were less than 1.3 m in height and 
therefore DBH was not measured. The distribution and function of mangrove structural 
classes were similar to those described by Lugo and Snedaker (1974) and further by 
Woodroffe (1992). Tall mangroves had characteristics of fringe and river forests, shrub 
mangroves had similar characteristics to basin forests, and dwarf mangroves similar to 
dwarf forests, or scrub forests (Twilley et al., 1999). The two species of mangrove, A. 
marina and A. corniculatum, were not separated when defining mangrove morphology 
due to similar growth in each structural form. Saltmarsh communities were classified as 
reed, rush, Tecticornia, or herbs, grasses and sedges (HGS). Ecotone communities of 
mangrove and saltmarsh species were classified as mixed. Sparse vegetation areas were 
defined as areas with sparse vegetation growth, often ecotone communities, which had a 
sandy surface substrate. Inundated areas were defined as permanent or semi-permanent 
areas of water that were unvegetated. Mapped Casuarina glauca woodlands were 
classified as Casuarina. 
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Table 3.2 Structural vegetation class definitions for classification. HGS; herbs, grasses and sedges. 




Tall mangrove A.marina 3.0-8.0 Lower intertidal 
Shrub mangrove A.marina 1.3-3.0 
Dwarf mangrove A.marina, A.corniculatum <1.3 
Reed saltmarsh Phragmites australis 0.5-2.0 Upper intertidal 
Rush saltmarsh Juncus kraussii 0.3-1.0 
HGS saltmarsh Sporobolus virginicus, Samolus repens, 
Sarcocornia quinqueflora 
0-0.3 
Tecticornia Tecticornia arbuscula 0.1-2.0 
Inundated area Permanent or semi-permanent areas of water that 
were unvegetated 
- 
Mixed vegetation Ecotone communities of mangrove and saltmarsh 
species 
- 
Sparse vegetation Areas with sparse vegetation growth, often ecotone 
communities, that had a sandy surface substrate 
- 
Casuarina Casuarina glauca >3.0 
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Figure 3.3 Field photo examples of structural morphologies of vegetation: (a) tall mangrove, (b) shrub 
mangrove, c) dwarf mangrove, d) reed saltmarsh, e) rush saltmarsh, f) herbs, grasses, and sedges saltmarsh, 
g) Tecticornia saltmarsh, h) ephemeral inundated area, i) Casuarina, j) mixed, and k) sparse vegetation. 
Each study site was ground-truthed to obtain data to train and validate the vegetative 
classification. All sites were ground-truthed between December 2014 and January 2015. 
Although there was a considerable time difference between remote sensing data capture 
and ground-truthing this was deemed largely insignificant as previous vegetation 
mapping at the study sites by Oliver et al. (2012) at Minnamurra River and Saintilan and 
Wilton (2001) at Currambene Creek and Cararma Inlet was consistent with preliminary 
reconnaissance. However, problems may arise due to spectral characteristics of 
vegetation, particularly saltmarsh, due to seasonal changes and variable hydrological 
conditions. This may affect the spectral dissemination of the aerial imagery for species 
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that may appear similar at certain times of the year. The location of the ground-truthed 
point was recorded with a Real Time Kinematic Global Positioning System (RTK GPS) 
(error, horizontal: 8 mm vertical: 15 mm). Photos were also taken at each ground-truthed 
location. As the ground-truthed data was used to train and validate the classification, a 
substantial coverage of ground-truthed points was required for each site; 134 ground-
truthed points were collected for Minnamurra River, 186 for Cararma Inlet, and 148 for 
Currambene Creek. Figure 3.4 illustrates the extent of ground-truthed points collected for 
Minnamurra River. 
3.2.4 Image Analysis 
All image segmentation in this study utilised the multiresolution segmentation algorithm 
(MRSA) in the eCognition Developer 8.7 image analysis software. The MSRA was used 
as it is a simple and often more effective segmentation algorithm compared to other 
approaches (Dronova et al., 2012). Several user inputs were required to define the 
parameters of the algorithm. These include scale parameter, which is the threshold for 
image object growth, shape, a ratio defining the influence of spectral and shape 
homogeneity, and compactness, a ratio for optimising object compactness and 
smoothness (Ke et al., 2010). Moffett and Gorelick (2013) demonstrate that the scale 
parameter is the most important variable to optimise for segmentation, and therefore 
shape and compactness values remained the default setting throughout this study (shape: 
0.1, compactness: 0.5). The estimation of scale parameter (ESP) tool was used in 
eCognition to quantitatively approximate appropriate scale parameter thresholds for each 
image segmentation (Drǎgut et al., 2010). The algorithm also required input of remote 
sensing data layers, such as aerial imagery, from which the image objects were created. 
All data layers in this study had the same weighting when used in segmentation. An 
example of the MRSA for Minnamurra River is given in Figure 3.4. 
This study used a hierarchical approach (Figure 3.5). For initial segmentations across all 
study sites, the inputs were the three spectral bands of the aerial imagery and the entire 
Lidar point cloud. The initial segmentation was to enable the user to manually select out 
the wetland area of interest from the surrounding environments that were not to be 
classified. For the proceeding segmentations and classifications in the hierarchical 
approach, layer metrics were derived from the aerial imagery and Lidar point cloud. A 
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hydrological distance to water model (HDM); a spatial layer representing distance to 
water across each study site, was also developed to identify inundation dynamics of 
vegetation (see section 6.2.2). A total 45 layers, including the original datasets and 
derived datasets, were available for segmentation and classification. All layers are given 
in Table 3.3. 
 
Figure 3.4 Multi-resolution segmentation example (left) and recorded ground-truthed data (right) for 
Minnamurra River. Data source: Imagery © Land and Property Information [2009]. 
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Figure 3.5 Hierarchical OBIA approach completed in eCognition (diamond = data input, oval = process, 
square = classes). 
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Table 3.3 Derivative layers of aerial imagery, Lidar point cloud data and HDM; hydrological distance to 
water model. DEM; digital elevation model, DSM; digital surface model, DTM; digital terrain model, 
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The second stage of segmentation and classification, hereafter known as the community 
level classification, delineated the wetland area of interest to mangrove, saltmarsh, 
Casuarina, mixed, sparse vegetation, or inundated (Figure 3.5). This approach differed 
from the initial segmentation and classification of the wetland area of interest. Table 3.4 
gives detailed information about the parameters and layers used for each segmentation at 
each study site. The segments were classified using the standard nearest neighbour 
supervised classification algorithm. Sample image objects for each class were required to 
train the algorithm. The ground-truthed data was randomly divided into training and 
validation data with less than 30% in total used as training data. The feature optimisation 
tool in eCognition Developer 8.7 was utilised to input all available data layers and 
compute the optimal number and combination of layers required for differentiating the 
user-defined classes. After all image objects were classified, incorrectly classified 
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segments were manually edited with reference to the ground-truthed data using expert 
image interpretation. This was necessary to ensure that the scene was near 100% correct 
for the following structural classification. 
The final stage of segmentation and classification was completed for mangrove and 
saltmarsh independently. The community level image objects were further segmented and 
classified to delineate the structural vegetation classes. Some sites did not contain all 
structural forms and where this occurred the absent class was excluded. The 
classifications were finalised by executing a rule process that altered a segment if it was 
different from all surrounding segments that were classified as the same class. This was 
important to ensure that the final maps demonstrated the major spatial distribution of 
structural classes. 
Validation of the final classification for each study site was completed using ground-
truthed data. Ground-truthed data that was included to train the classification were 
excluded from the validation data. Pairwise error matrices were used to identify 
misclassification between classes and estimate user’s accuracy, producer’s accuracy and 
overall accuracy (see Appendix A). The kappa coefficient () of agreement was 
calculated for each classification to demonstrate agreement between the data (a unitless 
value ranging from 1 for perfect agreement, to –1 for complete disagreement) (Congalton, 
1991). 
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Table 3.4 Parameters and layers used for each segmentation at each study site. SP; scale parameter. 
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t Red, green, blue, 
lidar 
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ground points, 
Average intensity of all returns 
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3.3 Results 
The classification maps for each study area demonstrate the spatial variability in 
vegetation component morphology that can be identified using this methodology (Figures 
3.6 – 3.8). All classifications had an accuracy greater than 90% with  coefficients 
indicating good agreement between the classification and ground-truthed data (Table 3.5). 
Minnamurra River recorded the highest map accuracy with 96%. Both Minnamurra River 
and Cararma Inlet had higher accuracies for the mangrove classification than the 
saltmarsh classification. 
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Figure 3.6 Structural classification for Minnamurra River. Data source: Imagery © Land and Property 
Information [2009]. 
Chapter 3: Identifying spatial variability 
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Figure 3.7 Structural classification for Currambene Creek. Data source: Imagery © Land and Property 
Information [2009]. 
Chapter 3: Identifying spatial variability 
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Figure 3.8 Structural classification for Cararma Inlet. Data source: Imagery © Land and Property 
Information [2009]. 
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Table 3.5 Classification accuracies for each study site. n = number of classes. Error matrices are provided 




















% 99 96 93 96 
 0.99 0.94 0.89 0.96 












% 99 92 92 95 
 0.99 0.86 0.81 0.93 








t % 97 98 93 95 
 0.98 0.97 0.89 0.95 
n 6 3 3 10 
 
The feature optimisation statistics demonstrate that the majority of variance in all 
vegetation classifications was explained by less than 10 layers, with only minimal 
reductions in variance when additional layers were included (Figure 3.9). The layers 
utilised for describing 70% of the variance for each classification are provided in Table 
3.6. The dominant variance was explained by both spectral and Lidar derived metrics, 
and that hydrological distance to water was an important layer, being incorporated in eight 
of the nine classifications (Table 3.6). 
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Figure 3.9 Feature optimisation statistics for number of layers required explain the variance associated with 
the community classification (square), mangrove classification (open circle), and saltmarsh classification 
(triangle) for a) Minnamurra River, b) Currambene Creek, and c) Cararma Inlet. 
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Table 3.6 Feature optimisation statistics for community (com), mangrove (man), and saltmarsh (sm) 
classifications at each study site. Greyed out boxes indicate layers used to explain 70% or greater variance 
associated with each classification. For a complete table of all layers required for each classification see 
Appendix A. 
Layers Minnamurra River Currambene Creek Cararma Inlet 
 com man sm com man sm com man sm 
Red band          
Green band          
Blue band          
Brightness          
Hue          
Intensity          
Saturation          
Maximum Difference          
DEM          
All returns of high height vegetation           
All returns of medium height vegetation           
All returns of low height vegetation           
All ground returns          
All Lidar returns elevation average          
Intensity average of first returns          
Intensity maximum of first returns          
Lidar layer ratio (medium : low vegetation)          
HDM          
 
Each site demonstrated differences in the spatial distribution of vegetation classes as well 
as vegetation groups present. Minnamurra River was the only site that contained the 
saltmarsh vegetation class of reeds, namely Phragmites australis. Similarly Cararma Inlet 
was the only site to contain Tecticornia arbuscula. Both vegetation classes occupied areas 
in the upper intertidal. Currambene Creek and Cararma Inlet had areas of sandy substrate 
with sparse vegetation throughout that was not present at Minnamurra River. 
Vegetation class statistics were derived using the final classification maps and the Lidar 
data (Figure 3.10), which highlight similar variation in structural communities across all 
study sites. Although a range of layers were utilised to classify variation in vegetation 
structure, it is evident that other factors that have not been modelled may be influencing 
hydrodynamics. For example, very low soil salinities and almost continuous inundation 
in the reed saltmarsh at Cararma Inlet indicates that freshwater contributions to 
hydrodynamics may be a significant control on saltmarsh distributions (Figure 3.10c). 
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The vegetation height statistics demonstrate expected trends that correlate with idealised 
dominant structural vegetation forms (Figure 3.10a). Although the first returns indicate a 
high precision of the Lidar data, other derivatives such as the DEM, indicate the inability 
of Lidar to penetrate vegetation canopies, particularly at Minnamurra River (Figure 
3.10b). 
 
Figure 3.10 Mean a) vegetation height, b) elevation, and c) hydrological distance to water for each structural 
vegetation class for Minnamurra River (blue), Currambene Creek (red), and Cararma Inlet (green). 
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3.4 Discussion 
Capturing wetland vegetation structure identifies vegetation complexity that is not 
demonstrated in previous mapping. A common methodology for producing fine scale 
vegetation mapping is using aerial imagery to manually delineate vegetation communities 
in GIS with expert knowledge. This was completed for sites used in this study by Chafer 
(1998) and Oliver et al. (2012) at Minnamurra River, and CSIRO (1994) and Saintilan 
and Wilton (2001) at Cararma Inlet and Currambene Creek. These studies use similar 
methodologies to delineate vegetation communities to major vegetation groups; 
mangrove, saltmarsh, Casuarina and mixed (ecotone of mangrove and saltmarsh 
communities). The methodology presented in this study delineates the structural forms of 
these vegetation communities, identifying spatial variability that cannot be identified 
accurately using these previous approaches, as demonstrated through comparisons of 
equivalent mapped vegetation extent using different techniques at Minnamurra River 
(Table 3.7). Capturing the extent of vegetation structural forms provides additional 
information about the complexity of vegetation communities. 
Identifying structural complexity demonstrates the spatial variation of wetland vegetation 
within these ecosystems. The zonation of mangroves at Minnamurra River and Cararma 
Inlet show similarities in hydrological distance to water, with tall mangroves closest to 
the water’s edge followed by shrub mangrove and then dwarf mangrove. At Currambene 
Creek, a larger extent of tall mangrove fringe the river channel with shrub and dwarf 
mangrove higher in the intertidal but not conforming to a similar zonation as at the other 
sites. This spatial variability is likely a factor of the interaction between surface elevation 
and hydrodynamics, and could be identified because mangrove communities were 
delineated to vegetative morphological forms. Similarly identifying structural complexity 
of saltmarsh demonstrates variation in distribution. Cararma Inlet has an extensive 
distribution of saltmarsh for areas that are less frequently inundated from the tide, such 
as rush saltmarsh. Coupled with the presence of inundated pools, that were not present at 
Minnamurra River or Currambene Creek, indicates the importance of freshwater 
contributions to hydrodynamics on saltmarsh compositional distribution that have not 
been incorporated into the classification model.  
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Table 3.7 Comparison of delineated wetland vegetation extent at Minnamurra River from Oliver et al. 
(2012) to the results presented in this study. HGS; herbs, grasses and sedges. 
Vegetation community (ha) Oliver et al. (2012) This study This study (structural form) 
Mangrove (ha) 22 18.3 Tall mangrove – 5.2 
Shrub mangrove – 8.6 
Dwarf mangrove – 4.5 
Ecotone (ha) 2.3 5.5  
Saltmarsh (ha) 4.5 4.5 Reed saltmarsh – 0.15 
Rush saltmarsh – 1.35 
HGS saltmarsh – 3.0 
 
Capturing this variability and complexity in wetland vegetation is important for 
delineating differences in distribution of ecosystem services. This is particularly useful 
for directing management to areas that could be considered for conservation. For 
example, carbon storage dynamics have been demonstrated to be variable across wetland 
vegetation (Chmura et al., 2003; Saintilan et al., 2013; Hayes et al., 2017; Kelleway et 
al., 2017b; Ellison and Beasy, 2018). In this study it was found that the distribution of tall 
mangrove, which have the highest above-ground carbon storage (Clough et al.,1997; 
Saintilan, 1997b), occurred in different positions on each estuary. At Minnamurra River, 
tall mangrove were associated with cut-off embayments, while they were restricted to the 
inside of meanders at Currambene Creek and along the tidal channel of Cararma Inlet. 
Similarly, identifying vegetation morphologies of saltmarsh may enable more robust 
calculations for below-ground carbon storage. Choi and Wang (2004) demonstrate 
substantial differences in below-ground carbon storage for saltmarsh species depending 
on their hydrological position in the intertidal zone. Previous mapping that does not 
delineate morphological forms within saltmarsh vegetation would not be able to 
extrapolate these estimates without compromise. This is because the mapped vegetation 
would not capture the vegetative morphological information required to extrapolate 
discrete measures of carbon storage. Identifying spatial variability of vegetation structure 
could provide greater confidence when estimating landscape scale carbon storage. 
Using an object-based approach provides advantages over traditional pixel-based image 
analysis, resulting in higher map accuracies (Kamal and Phinn, 2011; Ouyang et al., 2011; 
Dronova et al., 2012). All sites had an overall map accuracy of greater than 90%, 
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providing similar accuracies to previous studies that captured vegetation complexity in 
coastal wetlands (Heumann, 2011a; Kim et al., 2011; Ouyang et al., 2011; Vo et al., 2013; 
Kamal et al., 2015). Although 45 derived layers were input into the nearest neighbour 
algorithm, significantly less layers were required for classification. Both Lidar derived 
layers and spectrally derived layers were important for differentiating vegetation classes, 
however the mangrove classifications relied substantially on the Lidar derived layers 
(Table 3.6). The use of Lidar point cloud data underpinned the high accuracies of 
classification in this study. Lidar data enables detailed structural information about 
vegetation to be obtained that is not possible with imagery. This is particularly useful 
when mapping spectrally similar vegetation that may be distinguished by structural 
differences through Lidar metrics (Heumann, 2011b; Rokitnicki-Wojcik et al., 2011), as 
was the case with results in this study. Lidar has been used in other studies, however, 
these studies have not taken advantage of the depth of information that this can add to 
wetland vegetation classification (Moffett and Gorelick, 2013). Deriving several specific 
layers from the Lidar point cloud, rather than using the entire point cloud or only selecting 
the DEM, provided a more effective use in classification. 
3.5 Conclusions 
Ecosystem services provided by coastal wetlands are spatially and temporally variable. 
Capturing information about ecosystem function, the interaction of ecosystem 
components and natural processes, is required to determine the spatial distribution of 
ecosystem services and enable a more accurate assessment of the value of coastal 
ecosystems. Delineating ecosystem components at a morphological level that identifies 
vegetation structure within vegetation communities provides additional information 
about ecosystem processes. This research provides a rapid assessment methodology to 
identify spatial complexity in wetland vegetation structure with a high degree of accuracy. 
This facilitates a more informed understanding of the variability in ecosystems functions 
and ultimately the value of coastal ecosystems and the services they provide. 
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4.1 Introduction 
Coastal ecosystems, particularly mangrove and saltmarsh, provide a range of ecosystem 
services beneficial to society (Ewel et al., 1998; Barbier et al., 2011). Their role as a 
natural carbon sink, achieved by sequestering atmospheric carbon dioxide in biomass and 
as organic matter stored in substrates, is important to help counterbalance anthropogenic 
climate change (Duarte et al., 2005; Mcleod et al., 2011). Despite this benefit, a 
significant extent of mangrove and saltmarsh continues to be lost or degraded due to 
deforestation and anthropogenic activities in the coastal zone (Laegdsgaard, 2006; 
Donato et al., 2011; Murdiyarso et al., 2015; Atwood et al., 2017; Macreadie et al., 
2017a). Carbon off-setting initiatives such as REDD+, designed to reduce global carbon 
emissions, provide an opportunity to conserve coastal wetlands and the ecosystem 
services they provide (Alongi et al., 2015). Fundamental to these off-setting initiatives is 
the accurate assessment of carbon storage in vegetated ecosystems to facilitate a low 
carbon economy (Gibbs et al., 2007; Chave et al., 2014). 
Standardised methodologies have been developed to assess carbon storage of mangrove 
and saltmarsh vegetation, providing guidelines on sampling design, collection methods, 
data interpretation and reporting protocols (Kaufmann and Donato, 2012; Howard et al., 
2014). Sampling design is typically site-specific, and little evidence is provided in these 
guidelines that will facilitate extrapolation of sampling approaches to larger spatial scales. 
The IPCC provide guidance on approaches for determining anthropogenic greenhouse 
gas emissions and removals associated with biomass of vegetation in managed coastal 
wetlands (IPCC, 2014). This guidance identifies three tiers of assessment that broadly 
reflect increasing accuracy from tier 1 assessment approaches to tier 3, recognising that 
it is ‘good practice’ for countries to improve inventory and reporting by using the highest 
possible tier of assessment. Tier 1 assessments are broad scale assessments that use IPCC 
default values of biomass in different forest biomes to estimate carbon storage (Table 
2.4). These estimates have considerable variability and high uncertainty (Gibbs et al., 
2007; Howard et al., 2014; Moomaw et al., 2018). Tier 2 assessments require carbon 
storage values to estimate regional variability for national carbon inventories (e.g. carbon 
storage estimates of mangrove forests in Indonesia; Alongi et al., 2015). Tier 3 
assessments capture variability in carbon at the site level by stratification of vegetation 
types, ecological zones and salinity gradients. Tier 3 assessments provide the greatest 
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confidence in estimates and are encouraged where resources are available (Kauffman and 
Donato, 2012; Howard et al., 2014; IPCC, 2014). In order to meet the required confidence 
necessary for carbon off-setting initiatives such as REDD+, voluntary carbon markets and 
Australia’s ERF, tier 3 assessments are required as stated in the Verified Carbon Standard 
(VCS, 2013, 2015). 
Tier 3 assessments encourage the development and application of allometric equations to 
individual mangrove trees measured in quadrats for accurate estimates of mangrove 
above-ground biomass, and harvesting for saltmarsh above-ground biomass (VCS, 2013, 
2015). For mangrove, these equations are developed for particular geographic areas by 
harvesting a subset of mangrove species and relating tree measured variables, such as 
height, DBH and crown area, to above-ground biomass (Komiyama et al., 2008). Many 
mangrove allometric equations have been developed for tropical coasts (e.g. Day et al., 
1987; Clough et al., 1997; Fromard et al., 1998; Ross et al., 2001; Sherman et al., 2003; 
Comley and McGuiness, 2005; Fu and Wu 2011; Estrada et al., 2014; Hossain et al., 
2016), however fewer have been developed in temperate settings (e.g. Woodroffe, 1985; 
Osland et al., 2014; Bulmer et al., 2016a). Several ‘common’ allometric equations have 
been developed for application across different species and climatic regions (e.g. Chave 
et al., 2005; Komiyama et al., 2005; Chave et al., 2014; Ray et al., 2011), however 
considerable discussion remains regarding their efficacy for broad application (Soares 
and Schaeffer-Novelli, 2005; Estrada et al., 2014). For saltmarsh vegetation, above-
ground biomass is typically determined by harvesting a small area on the basis of replicate 
quadrats (Howard et al., 2014). A much smaller body of literature exists for saltmarsh 
above-ground biomass compared to mangrove above-ground biomass (e.g. da Cunha 
Lana et al., 1991; Garcia et al., 1993; Clarke and Jacoby, 1994; Ford and Grace, 1998; 
Craft et al., 1999; Connor and Chmura, 2000; Thursby et al., 2002; Castillo et al., 2008). 
This is likely due to the difficulty of accurately determining mangrove above-ground 
biomass, whereas saltmarsh can be determined accurately and directly with substantially 
less resources. 
Typically replicate measures for both mangrove and saltmarsh at the site level are taken 
to estimate above-ground biomass and these are converted to carbon storage using a 
generalised conversion factor (45% C; IPCC, 2014). An average above-ground carbon 
Chapter 4: Above-ground carbon storage 
90 
storage is often calculated for mangrove and saltmarsh and multiplied by vegetation 
extent to calculate total above-ground carbon storage (Howard et al., 2014). However, 
application of a standardised conversion factor does not provide the corresponding level 
of accuracy achieved when accounting for biomass variability associated with vegetation 
type, ecological zone and salinity gradients. Site-level estimates of mangrove and 
saltmarsh above-ground biomass should be paired with appropriate site level carbon 
conversion factors as mangrove and saltmarsh carbon content varies depending on 
species, location and biomass compartment (i.e. trunk, branches and leaves plus 
inflorescences) (Alongi et al., 2003; Bouillon et al., 2008; Rodrigues et al., 2015; Bulmer 
et al., 2016a). Furthermore vegetation extent is often only delineated to broad vegetation 
communities (i.e. mangrove and saltmarsh), which does not consider variation in species 
and vegetation structure associated with ecological zone and salinity gradients. 
Carbon mitigation services provided by coastal wetlands are not spatially homogeneous 
(Kelleway et al., 2016; Yando et al., 2016; Macreadie et al., 2017b) and this has been 
recognised in IPCC advice, which indicates that a major source of uncertainty arises from 
dominant species-specific differences in carbon content and differences due to forest age, 
species composition, intertidal location, soil fertility and vegetation structure (IPCC, 
2014). Mangrove and saltmarsh vegetation are structurally complex, varying in response 
to factors operating at different scales (Twilley et al., 1999; Estrada and Soares, 2017). 
This is particularly evident for the mangrove Avicennia marina, a common species 
throughout the Indo-Pacific having broad tolerance to salinity and inundation gradients, 
and a low temperature tolerance (Duke et al., 1998). Consequently, Avicennia marina 
commonly forms distinct zones and is co-dominant with other species throughout the 
tropics, while being the dominant mangrove throughout temperate Australia (Saintilan 
and Williams 1999; Morrisey et al., 2010). Avicennia marina in tropical settings are taller 
and have greater biomass than those in temperate settings (Komiyama et al., 2008). 
However, considerable variability in height and biomass has been demonstrated for 
Avicennia marina in temperate settings such as southeast Australia (Saintilan, 1997b; 
Morrisey et al., 2010). As a result of structural variation many allometric equations have 
been produced for Avicennia marina. Application of allometric equations to estimate 
above-ground biomass is therefore difficult to ensure all variation in structure is being 
captured by the selected equation. 
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Similarly, saltmarsh vegetation structure also influences biomass, and should be 
considered when determining above-ground biomass and carbon storage of saltmarsh. 
Due to the generally lower stature of saltmarsh, it is often considered less complex in 
terms of biomass, but structural forms are variable ranging from tall (0.5 – 2 m; e.g. 
Phragmites australis) and short grasses (10 – 30 cm; e.g. Sporobolus virginicus), to 
rushes (e.g. Juncus kraussii), sedges (e.g. Isolepsis nodosa), herbs (e.g. Samolus repens), 
and shrubs (e.g. Suaeda australis), some extending to heights of up to 2 m (e.g. 
Tecticornia arbuscula). Quantifying above-ground biomass of saltmarsh without 
recognising variability in structure may provide an indication of saltmarsh biomass, 
however estimates will have considerable uncertainty. Simpler approaches to biomass 
assessment based on destructive assessment over small areas and extrapolation of 
biomass to larger areas may be reasonable in situations where structural form is more 
homogeneous, such as extensive monospecific stands of Spartina alterniflora in parts of 
the USA (Craft et al., 1999; Adam, 2002), but less so where saltmarsh species diversity 
is high, distribution of species is in mosaics or zones, and structure of species is variable, 
such as in southeast Australia (Adam et al., 1988; Clarke and Jacoby, 1994; Saintilan, 
2009a). 
The aim of this study was to identify the spatial scale that optimises efficiency and 
accuracy of above-ground carbon storage assessment. The scale of assessment at which 
above-ground biomass and carbon content is measured will directly influence carbon 
storage estimates, whereby approaches that capture variation will be more accurate. Three 
spatial scales were tested in this study, the compartment scale, the structural scale and the 
regional scale. Above-ground biomass and carbon content were quantified at the 
compartment scale (trunk, branch, leaves plus inflorescences), structural scale (tall, shrub 
and dwarf mangrove), and regional scale (temperate southeast Australia). The hypothesis 
was that quantifying biomass and carbon content associated with vegetation structure will 
provide a better indication of above-ground carbon storage at both site and regional scale. 
The specific objectives of this study are to: 
1. Establish the variation in biomass and carbon content within vegetation 
compartments of mangrove and saltmarsh by harvesting vegetation 
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2. Develop a range of allometric equations to estimate above-ground biomass at 
different spatial scales, including compartment-specific (trunk, branch, leaves 
plus inflorescences), structure-specific (tall, shrub, dwarf mangrove) and region-
specific equations (temperate southeast Australia) 
3. Apply allometric equations to mangroves measured in quadrats to determine 
variation in above-ground carbon storage at different scales for each study site 
4. Extrapolate mangrove and saltmarsh biomass and carbon content to determine 
variation in above-ground carbon storage at different scales for each study site 
As an outcome of this study, a tier 3 level assessment is developed that increases accuracy 
of above-ground carbon storage assessments, while optimising the efficiency of 
assessment. This is relevant for assessment over larger spatial extents, such as national 
scales, which can build upon higher accuracy assessments at regional scales. 
4.2 Methods 
4.2.1 Site locations 
The coastline of southeast Australia is a wave-dominated coastline (Sloss et al., 2007). 
High energy conditions restrict coastal wetlands to estuaries where barrier development 
creates hydrodynamic conditions suitable for sediment deposition, and favourable for 
wetland vegetation establishment and growth (Roy et al., 2001). This coastline has a semi-
diurnal tide regime, with a maximum tidal range of approximately 2 m. Southeast 
Australia has a temperate climate (Stern and de Hoedt, 2000) and supports mangrove and 
saltmarsh communities which co-occur along intertidal estuarine shorelines (Adam, 
1990). Mangroves are commonly tropical and sub-tropical in distribution, however some 
species exhibit tolerance to cold temperatures and can extend into warm temperate 
regions (Saintilan et al., 2014). Mangroves typically occur lower within the tidal frame, 
while saltmarsh occupy higher intertidal areas (Saenger et al., 1977). The latitudinal range 
of this study is 32° S to 36° S. Four barrier estuaries were selected in the study region, 
Hunter River (151°42’ E 32°51’ S), Minnamurra River (150°50’ E 34°38’ S), 
Currambene Creek (150°40’ E 35°01’ S) and Cararma Inlet (150°46’ E 34°59’ S) (Figure 
4.1). Avicennia marina is the dominant mangrove species in southeast Australia, however 
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Aegiceras corniculatum is also present in the region. Commonly present saltmarsh 
species are Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia 
quinqueflora (Adam et al., 1988; Clarke, 1993; Sainty et al., 2012).  
4.2.2 Vegetation structure 
Mangrove and saltmarsh at study sites conform to one of several dominant structural 
forms in southeast Australia as previously identified in Chapter 3 (Figure 4.1). Three 
dominant structural forms were present for mangrove vegetation. Tall mangrove were 
typically 3 m to 8 m in height with a DBH greater than 15 cm. Shrub mangrove were 
typically 1.3 m to 3 m in height with a DBH less than 15 cm. Dwarf mangrove were 
typically less than 1.3 m in height (Table 3.2). The distribution and function of mangrove 
structural forms were similar to those described by Lugo and Snedaker (1974) and further 
by Woodroffe (1992). Tall mangrove had characteristics of fringe and river forests, shrub 
mangrove had similar characteristics to basin forests, and dwarf mangrove similar to 
dwarf forests, or scrub forests (Twilley et al., 1999). Avicennia were present in all three 
dominant structural forms, however Aegiceras typically have smaller stature with heights 
less than 3 m and were only present in dwarf mangrove structural form. Saltmarsh 
communities relevant to this study were previously classified as rush (Juncus kraussii), 
and herbs, grasses and sedges (HGS), inclusive of Sporobolus virginicus, Samolus repens 
and Sarcocornia quinqueflora. Distribution of structural forms for Minnamurra River, 
Currambene Creek and Cararma Inlet, delineated in Chapter 3, were used to extrapolate 
estimates of mangrove and saltmarsh above-ground biomass across the study site. 
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Figure 4.1 Location of selected study sites in southeast Australia and field photo examples of vegetation 
present in study region a) Tall mangrove b) Shrub mangrove c) Dwarf mangrove (Avicennia) d) Dwarf 
mangrove (Aegiceras) e) Sporobolus virginicus f) Samolus repens g) Juncus kraussii h) Sarcocornia 
quinqueflora. 
4.2.3 Mangrove and saltmarsh harvesting 
Harvesting of mangroves was undertaken at Hunter River and Minnamurra River. A total 
of 43 mangroves were harvested. Height, basal diameter, crown area and stem diameter 
were measured for each mangrove before felling. Stem diameter was measured at 
different heights on mangroves due to variation in vegetation structural form. The 
standardised height for DBH measurements of stems is 1.3 m, however measurements at 
this height were not possible for shrub and dwarf mangrove which do not have stems at 
1.3 m. Tall mangrove stem diameter was measured at 1.3 m, corresponding to heights 
typical of measurements of DBH. Shrub mangrove stem diameter was measured at 30 
cm, and dwarf at 10 cm. All harvested mangroves were selected to develop allometric 
relationships (tall mangrove n = 13, shrub mangrove n = 9, dwarf mangrove n = 16 
Avicennia n = 5 Aegiceras). Once felled, mangroves were separated into three 
compartments; trunk, branches and leaves plus inflorescences. Trunk was defined as the 
main stem(s) of the mangrove originating from ground level. Branches were defined as 
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the woody compartment that extended from the bifurcation of the main stem(s) to leaves 
or inflorescences (Soares and Schaeffer-Novelli, 2005). Leaves plus inflorescences were 
the non-woody compartment of the mangrove (Bulmer et al., 2016a). Each compartment 
was weighed on site using a 50 kg spring balance (± 0.4 kg). Samples from each mangrove 
compartment were taken back to the laboratory. Samples were weighed then oven dried 
at 60°C to a constant mass and reweighed to determine dry weight. Total dry weight of 
each compartment was calculated by multiplying the wet weight by the wet to dry ratio 
of the sub-sample. 
Harvesting of saltmarsh was undertaken at Minnamurra River. Saltmarsh species 
Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora 
were harvested. Replicate quadrats (25 x 25 cm), nine in total, were randomly selected 
for each species. The selected quadrat size was considered to represent homogeneous 
units of saltmarsh vegetation density while minimising the degree of destructive 
harvesting. Previous research suggests no distinct seasonal trends occur in aboveground 
biomass of saltmarsh in southeast Australia, therefore repeat analysis to account for 
seasonal variation was not required (Clarke and Jacoby, 1994). All above-ground 
vegetation collected in each quadrat was taken back to the laboratory. Vegetation was 
rinsed to remove excess sediment, weighed, then oven dried at 60°C to a constant mass 
and reweighed.  
4.2.4 Allometric equations 
Allometric relationships for mangrove vegetation were evaluated using linear regression 
models. Allometric equations were developed at different spatial scales to compare 
above-ground biomass estimates. These included compartment-specific equations; trunk 
above-ground biomass, branch above-ground biomass, and leaves plus inflorescences 
above-ground biomass. The summation of biomass for each compartment was used to 
provide a biomass estimate for each mangrove individual. Structure-specific equations 
were also developed for tall, shrub and dwarf mangrove. A region-specific equation, 
which did not differentiate mangrove structural variability, was developed for mangroves 
in southeast Australia. Both structure-specific and region-specific equations provided 
biomass estimates for each mangrove individual. Independent variables were height, 
crown area, total stem diameter (i.e. summation of stem diameters on a mangrove if more 
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than one stem was present), and basal diameter. Independent variables were tested 
individually and in combination through simple and multiple linear regression analyses. 
All possible allometric relationships for variation in mangrove structural form and species 
were tested using independent variables. Response and independent variables were 
natural log (ln) transformed prior to analysis to meet assumptions of normality. The 
equations developed were back transformed from log transformations to facilitate 
calculating above-ground biomass. A correction factor (CF) was calculated for all 
equations as back transformations from log transformations are associated with 
underestimation of response variables (Sprugel, 1983). CF was calculated as 
exp(RMSE/2). Allometric equations were of the form: 
ln( ) =   +   × ln ( ) (4.1) 
where:   is the above-ground biomass, and   and   are constants. To establish above-
ground biomass and incorporate the correction factor, equation 4.1 becomes: 
y = (exp(  +   × ln( ))) ×    (4.2) 
Statistical analysis for linear regression models, including coefficient of determination 
(r2), root mean square error (RMSE) and statistical significance, was undertaken in JMP 
Version 11 (SAS Institute Inc., Cary, NC, USA). All statistical tests completed in this 
study were carried out using a 0.05 level of significance. 
4.2.5 Above-ground biomass 
Mangrove above-ground biomass was determined by measuring mangroves in quadrats 
at each site. Developed allometric equations were applied to each mangrove measured in 
the quadrat. The summation of mangrove biomass in each quadrat was standardised to 
provide an estimate of above-ground biomass in Mg ha-1 ± SE. Sampling was stratified 
based on vegetation structural form. Appropriate quadrat size was selected to ensure 
adequate representation of each vegetation structural form, as mangrove vegetation 
density typically increases with diminishing vegetation height. Quadrats in tall mangrove 
vegetation were 20 m x 20 m, quadrats in shrub mangrove vegetation were 5 m x 5 m, 
and quadrats in dwarf mangrove vegetation were 3 m x 3 m, however some quadrats were 
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adjusted based on mangrove vegetation density (Appendix B). A total of 30 quadrats were 
measured, with three replicates of each structural form at Minnamurra River, Currambene 
Creek and Cararma Inlet. Only three replicates of tall mangrove were measured at Hunter 
River due to the absence of homogenous zones of shrub and dwarf mangrove at this 
location. 
Above-ground biomass of mangrove and saltmarsh was estimated for Minnamurra River, 
Currambene Creek and Cararma Inlet using mapped areas of vegetation structural form 
(Chapter 3). Above-ground biomass of mangrove and saltmarsh at Hunter River was not 
estimated due to absence of vegetation structure mapping. Replicate mangrove quadrats 
were averaged to estimate above-ground biomass for each mangrove structural form (Mg 
ha-1 ± SE) and then multiplied by the mapped areas at each site to provide an estimate of 
total mangrove above-ground biomass (Mg ± SE). Total above-ground biomass estimates 
using the compartment-specific equations, structure-specific equations and region-
specific equation were compared for each site. Above-ground biomass of each saltmarsh 
species was calculated by averaging replicate harvested quadrats and standardised to 
provide an estimate in Mg ha-1 ± SE. Rush saltmarsh above-ground biomass was 
calculated using Juncus kraussii, and herbs, grasses and sedges saltmarsh was estimated 
using average above-ground biomass of Sporobolus virginicus, Samolus repens, and 
Sarcocornia quinqueflora.  
Analysis of variance (ANOVA) was used to test for significant differences between 
mangrove and saltmarsh above-ground biomass and vegetation structural form. For 
mangrove, variables included height, vegetation density and differences in biomass 
between different mangrove structural forms. Similarly ANOVA was used on saltmarsh 
data to test for significant differences in biomass between species. Above-ground biomass 
estimates derived using compartment-specific, structure-specific and region-specific 
allometric equations were also tested to establish variability at different scales of 
assessment. 
4.2.6 Above-ground carbon storage 
Carbon content (% C ± SE) of biomass was determined using samples from mangrove 
and saltmarsh harvest data. Samples (approximately 20g) were homogenised by grinding 
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to a fine power using a Retsch three-dimensional Vibrator Mill (Type-MM-2, Haan, 
Germany). Carbon content of samples was determined using an elemental analyser 
interfaced to a continuous flow isotope ratio mass spectrometer (CF-IRMS). 
Compartment carbon content was determined for six mangrove individuals (four 
Avicennia, two Aegiceras). Similarly, replicate sub-samples from each saltmarsh species 
were analysed for carbon content. 
Above-ground carbon storage for each site (Mg C ± SE) was subsequently estimated 
using above-ground biomass estimates (Mg ± SE) and carbon content (% C ± SE) of 
vegetation. Carbon content values for each compartment (trunk, branches, leaves plus 
inflorescences) were used for compartment-specific equations of each mangrove 
structural form. Structure-specific equations used an average carbon content for tall, 
shrub and dwarf mangrove. The region-specific equation used an average carbon content 
for mangroves in southeast Australia. Above-ground carbon storage (Mg C ± SE) of 
saltmarsh was calculated by multiplying above-ground biomass (Mg ± SE) of each 
species by its carbon content (% C ± SE). 
4.3 Results 
4.3.1 Vegetation structure (harvested mangrove and saltmarsh) 
Mangrove above-ground biomass varied with vegetation structural form. Harvested 
mangrove above-ground biomass of individual trees ranged from 35 g for dwarf 
mangrove to 121.96 kg for tall mangrove (Table 4.1). Average tall mangrove above-
ground biomass (32.54 ± 9.19 kg) was significantly greater than shrub (5.99 ± 1.26 kg) 
and dwarf mangrove (1.12 ± 0.24 kg) (p < 0.0001). Above-ground biomass of dwarf 
mangrove was not significantly different for Avicennia (0.98 ± 0.26 kg) and Aegiceras 
(1.51 ± 0.58 kg) individuals (p = 0.3508). Mangrove compartment biomass, namely trunk, 
branch, leaves plus inflorescences, varied with mangrove structural form. Tall mangrove 
trunk biomass accounted for greater than 50% of the total above-ground biomass of 
individual tall mangroves (Figure 4.2a). For dwarf mangrove, branches contributed the 
largest proportion to total above-ground biomass of individuals, with greater than 40% 
for Avicennia and 50% for Aegiceras. As biomass contribution of the trunk decreased 
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from tall to dwarf mangrove individuals, leaves plus inflorescences biomass contribution 
increased inversely with height. 
Saltmarsh above-ground biomass varied with species (Figure 4.2b). Harvested above-
ground biomass of Juncus kraussii (15.97 ± 2.35 Mg ha-1) was significantly greater than 
other saltmarsh species (Sarcocornia quinqueflora (6.88 ± 1.38 Mg ha-1) p = 0.0089, 
Samolus repens (5.51 ± 0.80 Mg ha-1) p < 0.0001, Sporobolus virginicus (10.12 ± 2.02 
Mg ha-1) p = 0.0477). However, Sarcocornia quinqueflora, Sporobolus virginicus and 
Samolus repens above-ground biomass were not significantly different from each other 
(p = 0.2078). Variation in vegetation density of saltmarsh samples resulted in a large 
range of above-ground biomass for each species (Figure 4.2b). 
Table 4.1 Range of variables for harvested mangroves. AGB; Above-ground biomass. All mangrove harvest 
data provided in Appendix B. 
Structural 
parameters 





 Min Mean Max Min Mean Max Min Mean Max Min Mean Max 





1.1 4.2 11.7 0.6 1.8 4.1 0.1 0.7 1.7 0.1 0.9 1.8 
Basal diameter 
(cm) 
7.8 18.5 40 1.7 7.8 15.5 1.5 4.3 10 2.7 8.5 14 
Total stem 
diameter (cm) 
7.3 17.8 50.8 2.8 7.3 13.8 0.8 4.9 14.5 1.3 18.1 39.8 
Compartment 
AGB 





 Min Mean Max Min Mean Max Min Mean Max Min Mean Max 
Trunk biomass 
(g) 
4031 20121 64325 721 2702 8103 17 354 1110 21.8 274 469 
Branch 
biomass (g) 




1024 3986 16216 281 1123 3743 9 219 589 30 302 498 
Total AGB (g) 8745 32539 121957 1639 5993 15277 35 982 3133 81 1511 2942 
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Figure 4.2 a) Compartment biomass allocation for mangrove harvest data for each mangrove structural 
form and species. Error bars represent standard deviation from the mean. b) Boxplots of saltmarsh above-
ground biomass for harvested samples. Horizontal line inside box indicates median, cross indicates mean, 
the box indicates 25th and 75th percentiles, and whiskers indicate maxima and minima. 
4.3.2 Allometric equations 
Statistical analyses indicated that several allometric relationships were suitable for 
accurately determining a suite of above-ground biomass metrics at different scales (i.e. 
compartment, structural, regional) (Appendix B). When allometric equations were 
developed separately for Avicennia and Aegiceras, no significant differences (p-value 
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consistently > 0.05, Appendix B) were identified between the biomass of the species. 
Therefore all equations reported here are inclusive of Avicennia and Aegiceras. 
Allometric equations were developed for each compartment (trunk, branch and leaves 
plus inflorescences) of each mangrove structural form (tall, shrub and dwarf). 
Independent variables of height, total stem diameter and crown area used in combination 
consistently optimised r2 and RMSE (Table 4.2). Allometric equations for above-ground 
biomass of each structural form were also developed, and indicated that height, total stem 
diameter and crown area were the optimal independent variables for determining above-
ground biomass. Similarly, the region-specific equation generated using independent 
variables of height, total stem diameter and crown area in combination was the most 
robust. Equations generated using other independent variables individually or in 
combination performed well (Appendix B), however at a reduced accuracy with lower r2 
and RMSE not consistently optimised.
 
 
Table 4.2 Selected allometric equations for mangrove biomass compartments. Above-ground biomass (kg), height (cm), total stem diameter (cm), crown area (m2). Equations 
should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size. All tested equations provided 
in Appendix B. 




















0.85 0.32 1.0531 13 










0.93 0.19 1.0183 13 
Leaves plus  
inflorescences 










0.86 0.30 1.0463 13 
Total 
(Structure-specific equation) 





























0.66 0.45 1.1075 11 










0.70 0.36 1.0653 11 
Leaves plus 
inflorescences 










0.72 0.43 1.0974 11 
Total 
(Structure-specific equation) 






























0.90 0.45 1.1077 19 










0.95 0.34 1.0585 19 
Leaves plus 
inflorescences 










0.90 0.42 1.0915 19 
Total 
(Structure-specific equation) 
























0.98 0.30 1.0475 43 
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4.3.3 Above-ground biomass 
Mangrove above-ground biomass, derived from structure-specific allometric equations in 
Table 4.2 applied to mangroves measured in quadrats, increased in a positive relationship 
with height, whereby tall mangrove (71.50 ± 12.53 Mg ha-1) had higher biomass than both 
shrub (53.06 ± 6.94 Mg ha-1) and dwarf mangrove (10.68 ± 1.77 Mg ha-1) (p = 0.0004) 
(Figure 4.3). However, this relationship was dominated by high biomass of tall mangrove 
at Hunter River where biomass at Hunter River (132.05 ± 28.31 Mg ha-1) was 
significantly greater than tall mangrove at other study sites (51.32 ± 4.18 Mg ha-1) (p = 
0.0006). Vegetation structure, specifically height and vegetation density of mangroves 
measured in quadrats, indicated that tall mangrove at Hunter River were taller (7.2 ± 0.2 
m) (p < 0.001) and had greater density (2617 ± 502 mangroves per ha-1) (p < 0.0001) than 
tall mangrove elsewhere (height = 4.6 ± 0.1 m, density = 469 ± 83 mangroves per ha-1). 
When the mangrove biomass results from the Hunter River were excluded, above-ground 
biomass of tall mangrove (51.32 ± 4.18 Mg ha-1) was not significantly different to shrub 
mangrove (53.06 ± 6.94 Mg ha-1) (p = 0.8333), measurements in quadrats indicated that 
the vegetation density of shrub mangrove (9156 ± 2013 mangroves per ha-1) was 
significantly greater than tall mangrove (469 ± 83 mangroves per ha-1) (p = 0.0005). 
Furthermore, dwarf mangrove above-ground biomass (10.68 ± 1.77 Mg ha-1) was 
significantly less than tall mangrove (51.32 ± 4.18 Mg ha-1) and shrub mangrove (53.06 
± 6.94 Mg ha-1) (p < 0.0001). 
Average above-ground biomass of rush saltmarsh (15.97 ± 2.35 Mg ha-1) was greater than 
herbs, grasses and sedges saltmarsh (7.51 ± 0.91 Mg ha-1). Statistical analysis indicated 
no significant difference between the biomass of rush saltmarsh and dwarf mangrove (p 
= 0.0909), while herbs, grasses and sedges saltmarsh were significantly lower than rush 
saltmarsh (p = 0.0002). 
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Figure 4.3 Above-ground biomass of mangrove and saltmarsh for each vegetation structural form. 
Mangrove above-ground biomass derived using the structure-specific allometric equation for each quadrat 
measured at Hunter River, Minnamurra River, Currambene Creek and Cararma Inlet. All quadrat data in 
Appendix B. Saltmarsh above-ground biomass were derived from harvested samples at Minnamurra River. 
Above-ground biomass estimates for mangroves measured in quadrats, derived using 
allometric equations at different spatial scales (i.e. compartment-specific, structure-
specific, region-specific) indicated substantial differences between spatial scale. Tall 
mangrove estimates using the region-specific equation (114.87 ± 19.80 Mg ha-1) were 
significantly greater than estimates using the compartment-specific equations (77.93 ± 
14.68 Mg ha-1) (p = 0.0055), while shrub mangrove estimates were lower (region-specific 
= 43.37 ± 4.58 Mg ha-1, compartment-specific = 52.63 ± 6.71 Mg ha-1), however this 
difference was not significant (p = 0.2710) (Figure 4.4a, b, c).  
Estimates using the structure-specific equation for tall mangrove (71.50 ± 12.53 Mg ha-
1) were lower than estimates using compartment-specific equations (77.93 ± 14.68 Mg 
ha-1), however this difference was not significant (p = 0.7424). Differences in biomass 
estimates derived from compartment-specific equations and structure-specific equations 
for shrub (compartment-specific = 52.63 ± 6.71  Mg ha-1, structure-specific = 53.06 ± 
6.94 Mg ha-1) and dwarf mangrove (compartment-specific = 10.79 ± 1.86 Mg ha-1, 
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structure-specific = 10.68 ± 1.77 Mg ha-1) were not significant (shrub p = 0.9653, dwarf 
p = 0.9652) and this is reflected in the allometric equations (Figure 4.4d, e, f). These 
patterns were generally consistent between sites. High variability in estimates of dwarf 
mangrove was evident, demonstrating that the region-specific equation does not 
adequately describe the variation evident within the region.  
When extrapolating quadrat derived estimates of above-ground biomass to the area of 
different vegetation structural forms, the effect of the scale of allometric equations (i.e. 
compartment-specific, structure-specific, region-specific) on biomass was mediated by 
the area of vegetation classes. This was particularly evident for tall mangrove, where the 
above-ground biomass estimate was markedly greater using the region-specific equation 
for all study sites (Table 4.3), but not as important for the shorter stature mangrove 
structural forms (i.e. shrub and dwarf). A similar pattern was observed for saltmarsh 
whereby spatial extent mediated quadrat derived above-ground biomass estimates. Rush 
saltmarsh extent at Currambene Creek was small and offset the higher biomass associated 
with rush saltmarsh (Mg ha-1), resulting in lower overall biomass compared to herbs, 
grasses and sedges. 
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Figure 4.4 Difference between mangrove biomass estimates derived from compartment-specific equations 
for individual measured quadrats a) tall, b) shrub, c) dwarf when compared to estimates derived from 
structure-specific equations (dark grey bars) and estimates derived from the region-specific equation (light 
grey bars). Difference calculated as percent difference from biomass estimates derived from compartment-
specific equation. Comparison of allometric equation biomass estimates and observed biomass of harvested 
mangrove individuals d) tall, e) shrub, f) dwarf. Allometric equations are compared at different scales (i.e. 
compartment-specific, structure-specific, region-specific) for each mangrove structural form.
 
 
Table 4.3 Total above-ground biomass (AGB) estimates of mangrove and saltmarsh at different scales of assessment for Minnamurra River, Currambene Creek and Cararma 
Inlet. Compartment, structure and region scale estimates for mangrove use compartment-specific, structure-specific and region-specific equations accordingly. Saltmarsh above-
ground biomass estimates were not calculated at the compartment or regional scale due to harvest data and mapping units only corresponding to structural scale. Extent of 




AGB estimates at the 
compartment scale (Mg ± SE) 
AGB estimates at the 
structural scale (Mg ± SE) 
AGB estimates at the 











 Tall mangrove 14 733 ± 63 691 ± 55 1170 ± 83 
Shrub mangrove 17 783 ± 115 778 ± 133 680 ± 51 
Dwarf mangrove 11 170 ± 26 163 ± 20 253 ± 61 
Mangrove total 42 1686 ± 134 1632 ± 127 2103 ± 115 
HGS 7.5  56 ± 8  
Rush 5.5  89 ± 11  
Saltmarsh total 13  145 ± 13  










 Tall mangrove 16 1117 ± 85 1037 ± 77 1732 ± 216 
Shrub mangrove 6 545 ± 77 553 ± 85 448 ± 40 
Dwarf mangrove 7 33 ± 3 32 ± 3 34 ± 4 
Mangrove total 32 1694 ± 114 1622 ± 115 2214 ± 220 
HGS 5  36 ± 7  
Rush 1  19 ± 2  
Saltmarsh total 6  55 ± 7  









Tall mangrove 10 448 ± 24 426 ± 23 687 ± 69 
Shrub mangrove 9 455 ± 129 460 ± 131 357 ± 98 
Dwarf mangrove 12 142 ± 20 146 ± 21 130 ± 23 
Mangrove total 31 1044 ± 133 1032 ± 134 1174 ± 122 
HGS 8.5  64 ± 12  
Rush 9  147 ± 13  
Saltmarsh total 17.5  211 ± 18  
Mangrove and saltmarsh total 48.5  1243 ± 136  
Chapter 4: Above-ground carbon storage 
108 
4.3.4 Above-ground carbon storage  
Carbon content varied between mangrove and saltmarsh vegetation. For mangrove, 
carbon content of biomass compartments was between 45% C and 50% C. Leaves plus 
inflorescences had the lowest carbon content of all mangrove compartments in all 
structural forms, with the exception of shrub mangrove. Branch carbon content was 
greater than leaves plus inflorescences, however trunk carbon content varied between 
structural form and species (Appendix B). The average carbon content for each vegetation 
structural form was 46.8 ± 0.5% C for tall, 47.6 ± 0.5% C for shrub and 47.5 ± 0.9% C 
for dwarf mangrove. For saltmarsh, carbon content for all four species was lower than all 
mangrove compartment carbon content. Juncus kraussii was highest (42.9 ± 1.7% C) 
followed by Samolus repens (42.5 ± 0.1% C), Sporobolous virginicus (38.0 ± 2.3% C) 
and Sarcocornia quinqueflora (34.4 ± 0.8% C). The average carbon content for herbs, 
grasses and sedges was estimated to be 38.3 ± 2.5% C. 
Mangrove and saltmarsh above-ground carbon storage estimates were influenced by 
carbon content and above-ground biomass estimates. The mangrove regional scale 
estimate, using the region-specific allometric equation and an average carbon content 
value (47.3 ± 0.3% C) was consistently higher at all study sites than other scales of 
assessment (Table 4.4). In contrast, the compartment and structural scales of assessment 
for mangrove, using the compartment-specific and structure-specific equations 
respectively, had similar carbon storage estimates, reflecting the pattern established in 
above-ground biomass estimates. Cararma Inlet which had the largest extent of rush 
saltmarsh, and highest carbon content, had the greatest carbon storage, whereas 
Currambene Creek had the lowest estimate of saltmarsh carbon storage due to smaller 
extent of rush saltmarsh. 
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Table 4.4 Above-ground carbon storage estimates of mangrove and saltmarsh for Minnamurra River, 
Currambene Creek and Cararma Inlet. Compartment, structure and region scale estimates for mangrove use 
compartment-specific, structure-specific and region-specific equations accordingly. 
 
4.4 Discussion 
4.4.1 Synthesis of results 
This study found that vegetation structure influenced biomass resulting in considerable 
variability in above-ground biomass estimates. For mangrove, this variation was related 
to height, stem diameter, crown area, and vegetation density, as demonstrated in other 
studies (Briggs, 1977; Fromard et al., 1998; Ross et al., 2001; Soares and Schaeffer-
Novelli, 2005; Komiyama et al., 2008; Osland et al., 2014). Variation in saltmarsh 
biomass was associated with structural vegetation classes (rushes and herbs, grasses and 
sedges) related to height and density of vegetation in quadrats. It was also found that 
carbon content varied between species and biomass compartments within mangrove 
species, similar to results found elsewhere (Alongi et al., 2003; Saintilan et al., 2013; 
Bulmer et al., 2016a; Hossain et al., 2016). The variability in mangrove structure and its 
influence on biomass was accounted for in this study when developing allometric 
equations; these were developed at the compartment, structural and regional scale. 
4.4.2 Accounting for scale in allometric equations 
The pattern of scaling in allometric equations established in this study was consistent with 
other studies that apply similarly developed allometric equations for biomass 
compartments and total above-ground biomass (Clough et al., 1997; Ross et al., 2001; 
Ong et al., 2004; Comley and McGuiness, 2005; Osland et al., 2014; Hossain et al., 2016). 




(Mg C ± SE) 
 Compartment scale Structural scale Regional scale  
Minnamurra River 800 ± 64 771 ± 60 995 ± 54 60 ± 6 
Currambene Creek 802 ± 54 764 ± 54 1047 ± 104 22 ± 2 
Cararma Inlet 495 ± 63 488 ± 64 555 ± 58 88 ± 14 
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Developing allometric equations at different scales (i.e. compartment-specific, structure-
specific, region-specific) to estimate mangrove above-ground biomass can increase 
confidence in estimates. A study of scaling of allometric equations suggests that 
variability increases when estimating biomass compartments compared to total above-
ground biomass (Soares and Schaeffer-Novelli, 2005). In particular, branch and leaves 
plus inflorescences compartments were found to have highly variable biomass, likely due 
to variability in structural development. Similar results are found in this study and 
elsewhere (Estrada et al., 2014), suggesting that developing compartment-specific and 
structure-specific equations increases the capacity to capture variability that is overlooked 
using a region-specific equation. 
Applying allometric equations at different scales influenced mangrove above-ground 
biomass estimates. The effect of spatial scale on mangrove ecosystems has been 
recognised for some time (Lugo and Snedaker, 1974; Duke 1998; Twilley et al., 1999; 
Schaeffer-Novelli et al., 2000), and discussed in the context of hierarchy theory (Twilley 
et al., 1999). In this regard, biomass allocation is compartmentalised at the smallest scale 
to biological cells which form roots, trunk, branches and leaves; the scale at which 
mangrove biomass was initially measured in this study. At the next spatial scale, biomass 
of individual mangroves was determined and equations at the structural and regional scale 
were developed. Hierarchy theory dictates that a process influencing any level of the 
hierarchy also influences higher and lower levels (Risser, 1987; Pickett et al., 1989). In 
this context, assimilation of biomass at smaller spatial scales, such as compartment scale, 
will influence higher spatial scales, such as structure and region spatial scales used in this 
study. To improve accuracy at larger spatial scales therefore requires consideration of 
variation at smaller spatial scales. 
At the smallest spatial scale in this study, little difference in mangrove biomass was 
established when estimated using the compartment-specific or structure-specific 
allometric equations. This may relate to two factors. First, biomass variation at the 
structural scale based on measurements of height, stem diameter and crown area 
sufficiently described the variation in structure, and this was incorporated into the 
structure-specific allometric equation. These structural parameters were established in 
this study based on consistently optimising the r2 and RMSE. They are also consistent 
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with parameters applied elsewhere with reasonable success (Ross et al., 2001; Soares and 
Schaeffer-Novelli, 2005; Osland et al., 2014; Bulmer et al., 2016a). Second, variation at 
the compartment scale was not adequately described and the variation was not recognised 
in the compartment-specific allometric equations developed in this study. Performance of 
allometric equations is therefore dependent on replication and sample size being adequate 
to describe variation in structure at different scales (Soares and Schaeffer-Novelli, 2005; 
Komiyama et al., 2008; Kauffman and Donato, 2012; Bonham, 2013). 
The general pattern of performance of allometric equations at the compartment and 
structural scale was that r2 was higher for structure-specific equations compared to 
compartment-specific equations, while RMSE generally decreased. Whether allometric 
equation performance should be evaluated on the basis of optimising r2 or RMSE has 
been discussed for some time (Zar, 1968; Payandeh, 1981; Soares and Schaeffer-Novelli, 
2005). Irrespective, little difference in biomass estimates for all mangrove vegetation 
structural forms (i.e. tall, shrub, dwarf) were found when using the compartment-specific 
or structure-specific allometric equations. Based on these results it is proposed that when 
determining mangrove above-ground biomass, efficiency is maximised using structure-
specific allometric equations, and accuracy is approximately equivalent to that of the 
compartment-specific allometric equations.  
Above-ground biomass derived using the region-specific allometric equation, where 
mangrove structural form was undifferentiated when developing the equation, produced 
greater overall mangrove biomass estimates at all study sites. This was primarily related 
to tall mangrove biomass being approximately 65% greater when estimated using the 
region-specific equation. Considerable variability also occurred for other vegetation 
structural forms. Sample size of harvested tall mangrove was considerably less (n = 13) 
than shorter height classes (shrub and dwarf mangrove n = 30) meaning that the trajectory 
of the region-specific allometric equation for mangrove biomass was dominated by the 
relationship between structural parameters of low stature mangroves. Removing the effect 
of shorter height classes on the mangrove biomass allometric equation by developing a 
tall mangrove structure-specific equation will improve accuracy, as demonstrated in this 
study.  
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4.4.3 Accounting for scale in carbon storage assessments 
Variation was found in carbon content at the mangrove compartment scale as well as the 
structural scale of mangrove and saltmarsh. When determining carbon storage, the effect 
of this variation was compounded by variability in above-ground biomass estimates, as 
carbon storage is derived by multiplying carbon content and biomass. This is particularly 
important due to substantial variation in carbon content of saltmarsh species. Species 
typically distributed at higher elevations in southeast Australia, that is Juncus kraussii 
and Samolus repens (Adam et al., 1988; Clarke, 1993), have higher carbon content than 
other saltmarsh species. Juncus kraussii was found to have 25% more carbon in biomass 
than Sarcocornia quinqueflora which is substantially different and should be accounted 
for in carbon storage estimates. Little variation was identified in carbon content of 
different mangrove structural forms and this is likely to have little effect on carbon storage 
estimates when structural form is being accounted for (i.e. using structure-specific 
allometric equations). 
Accurate quantification of carbon storage for a study site is dependent upon accurate 
assessment of biomass, carbon content and the extent of vegetation for which carbon 
storage is being assessed. This study demonstrated that above-ground biomass was best 
assessed when sampling is stratified at the structural scale, and that while there was 
variation in carbon content between compartments, the variation was small and less than 
the variation in carbon content of different species of mangrove and saltmarsh. 
Maintaining accuracy when assessing carbon storage requires mapping at units that 
correspond to the scale of biomass assessments. Not recognising the scale of biomass 
assessments when undertaking mapping allows additional error to be propagated. 
Typically carbon storage assessments are achieved by delineating mangrove and 
saltmarsh communities (Gibbs et al., 2007; Klemas, 2013; Patil et al., 2013; Manna et al., 
2014). However results from this study suggest that overlooking the variation in biomass 
and carbon content of saltmarsh vegetation structure will provide incorrect estimates of 
carbon storage. For example, assuming similar carbon content of rush saltmarsh to herbs, 
grasses and sedges saltmarsh will result in underestimating carbon storage, particularly 
where rushes are extensive (i.e. Minnamurra River 22%, Currambene Creek 37%, 
Cararma Inlet 42%). The OBIA workflow presented in Chapter 3 delineates mangrove 
and saltmarsh at a scale suitable for structural scale carbon storage assessments and was 
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used as a basis for determining carbon storage in this study. Biomass estimates should be 
applied to mapping units that reflect the scale of assessment. This will improve accuracy 
and reliability of carbon storage assessments. 
4.4.4 Determining above-ground biomass in temperate coastal wetlands 
Structural complexity in temperate mangrove forests has been suggested to be greater 
than tropical mangrove stands, providing greater variability in height, stem diameter, 
crown area and vegetation density, and subsequently influencing above-ground biomass 
(see Morrisey et al., 2010). The variability in mangrove structural form and associated 
estimates of mangrove above-ground biomass was evident in previous above-ground 
biomass estimates in the region (southeast Australia). For example, mangrove measured 
at Lane Cove River (151°09’ E 33°50’ S) were reported to have an above-ground biomass 
of 112.3 – 114.5 Mg ha-1 (Briggs, 1977), compared to mangrove measured at Hawkesbury 
River (151°30’ E 33°30’ S) that reportedly had an above-ground biomass of 52.1 – 60.1 
Mg ha-1 in hypersaline areas and approximately 400 Mg ha-1 in areas of freshly accreted 
riverine flats (Saintilan, 1997b). The markedly different estimates from these studies and 
this study support the hypothesis that variation in vegetation structure and vegetation 
density profoundly influences biomass. Unlike equations developed in this study 
however, Briggs (1977) and Saintilan (1997b) used rudimentary equations that do not 
recognise variability in vegetation structure. 
For saltmarsh vegetation, above-ground biomass estimates in this study were 
substantially higher compared with previously published estimates in the region (Clarke 
and Jacoby, 1994). Sporobolus virginicus was three times higher than previously reported 
(10.12 ± 2.02 Mg ha-1 this study, 3.49 Mg ha-1 Clarke and Jacoby, 1994), while Juncus 
kraussii (15.97 ± 2.35 Mg ha-1 this study, 11.16 Mg ha-1 Clarke and Jacoby, 1994) and 
Sarcocornia quinqueflora (6.88 ± 1.38 Mg ha-1 this study, 3.17 Mg ha-1 Clarke and 
Jacoby, 1994) were substantially higher. This variation in mean above-ground biomass 
of each species is likely a factor of variability in saltmarsh vegetation density, as 
demonstrated by replicate harvest quadrats by Clarke and Jacoby (1994) and results from 
this study. 
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4.4.5 Application of equations developed for global assessments 
Previous research has attempted to quantify large scale mangrove above-ground biomass 
at the global and continental scale by extrapolating site scale measures (Twilley et al., 
1992; Cohen et al., 2013; Hutchison et al., 2014; Rovai et al., 2016). Although larger scale 
estimates are useful for providing baseline estimates of above-ground biomass, these are 
yet to capture processes influencing variation of mangrove biomass at smaller scales 
(Estrada and Soares, 2017). Structural complexity of vegetation is not considered when 
extrapolating from site scale measurements of structure to larger spatial scales (Rovai et 
al., 2016), and is likely a function of averaging biomass estimates and subsequent 
extrapolation on the basis of low resolution mapping. This may be resolved to some 
degree by applying suitable mapping that reflects structural variation, as suggested by 
results in this study. Similar recommendations regarding mapping scale have been 
suggested to provide better national and global scale biomass estimates (Gibbs et al., 
2007). 
4.4.6 Implications of scale for carbon storage assessments 
Results in this study demonstrate the importance of scale when reporting carbon storage 
estimates. Variation in vegetation structure, influencing biomass and carbon content of 
mangrove and saltmarsh vegetation, is important when estimating site level carbon 
storage. Using the region-specific allometric equation resulted in higher carbon storage 
estimates than both structure-specific and compartment-specific allometric equations 
across all sites for mangrove vegetation. Tier 1 and 2 assessments outlined by the IPCC 
(2014) are unable to provide the required confidence necessary to facilitate carbon credits 
through carbon off-setting initiatives such as REDD+, voluntary carbon markets and 
Australia’s ERF. Only tier 3 assessments, where variability in mangrove and saltmarsh 
biomass and carbon content are described to a level that can provide the necessary 
confidence, are satisfactory for application to carbon markets (Kelleway et al., 2017c). 
Although high resolution assessments can be undertaken to improve accuracy, this is not 
feasible given the often limited resources (time and financial) to do so. There is a need to 
enhance assessment accuracy whilst optimising assessment effort, and this can be 
achieved by recognising the influence of structural variation in vegetation biomass. As 
demonstrated in the results, it is proposed that assessment of biomass and carbon content 
at the structural scale optimises accuracy and efficiency of tier 3 assessments required for 
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carbon off-setting initiatives. National carbon inventories should build upon higher 
accuracy assessments at regional scales to ensure confidence in carbon storage estimates. 
4.5 Conclusions 
This study developed a tier 3 level above-ground carbon storage assessment for study 
sites in southeast Australia. Accurate carbon storage assessment is dependent on three 
factors: accurate assessment of biomass, carbon content and vegetation extent. Mangrove 
and saltmarsh structure, biomass and carbon content are variable, and overlooking this 
variability will propagate error when estimating above-ground carbon storage. For 
mangrove, variability in above-ground biomass is best described by measuring height, 
stem diameter, crown area and vegetation density, whereas saltmarsh is best described by 
measurements of height, species and vegetation density. The scale of assessment at which 
above-ground biomass is measured will directly influence carbon storage estimates, 
whereby approaches that capture variation will be more accurate. While smaller scales 
are proposed to be more accurate, little variation in biomass was determined between the 
compartment and structural scale in this study. Assessments at the structural scale 
optimised efficiency and accuracy in above-ground biomass estimates. Maintaining this 
precision when quantifying above-ground carbon storage for a site requires mapping that 
corresponds to the scale of assessment. This study demonstrates that overall accuracy will 
be enhanced by mapping that delineates vegetation structural form. Application of 
average biomass and carbon content values extrapolated using coarse scale mapping, as 
proposed at tier 1 and 2 level assessments, will be inaccurate when accounting for carbon 
storage in coastal wetlands, and does not provide the necessary confidence for trading in 
carbon markets. 
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5.1 Introduction 
Coastal ecosystems, particularly mangrove and saltmarsh, provide essential ecosystem 
services that have widespread benefits at local and global scales (Ewel et al., 1998; 
Barbier et al., 2011; Zelder and Kercher, 2005; Lee et al., 2014). In particular, these ‘blue 
carbon’ ecosystems reportedly sequester more atmospheric carbon per unit area than any 
other natural ecosystem in the world (Duarte et al., 2005; Mcleod et al., 2011; Alongi, 
2014).  Increasing awareness of the need to attempt to mitigate the effects of climate 
change has led to the inclusion of coastal ecosystems in national carbon accounts and off-
setting initiatives such as REDD+ (Alongi et al., 2015; Sutton-Grier and Moore, 2016; 
Kelleway et al., 2017c). However, carbon storage services provided by blue carbon 
ecosystems are not spatially homogeneous, varying in response to factors operating at a 
range of scales (Twilley et al., 1992; Kelleway et al., 2016; Yando et al., 2016; Macreadie 
et al., 2017b). Inclusion of coastal ecosystems in national carbon accounts and off-setting 
initiatives requires accurate assessment of carbon storage. This is particularly important 
to facilitate and validate broad-scale mapping relevant for national and regional 
assessments of biomass and above-ground carbon storage (Gibbs et al., 2007; Chave et 
al., 2014).  
Providing accurate estimates of above-ground biomass in coastal wetlands has 
traditionally involved destructive harvesting of vegetation (Kaufmann and Donato, 2012; 
Howard et al., 2014). For mangrove, allometric equations are commonly developed by 
harvesting a subset of mangroves of a particular species with a specific geographical area, 
and correlating measured parameters from harvested trees, such as height, DBH and 
crown area, to above-ground biomass (Komiyama et al., 2008). For saltmarsh vegetation, 
above-ground biomass is determined by harvesting a small area of particular species, 
typically on the basis of replicate quadrats (Howard et al., 2014). Allometric equations 
have been developed for saltmarsh using stem height (Thursby et al., 2002; Craft et al., 
2013), however, this approach is impractical for many saltmarsh species that do not show 
strong relationships between height and growth. 
In addition to clear detrimental consequences of destructive harvesting, particularly given 
the conservation status of mangrove and saltmarsh, developing allometric equations for 
mangrove and averaging biomass of harvested saltmarsh replicates may not provide a 
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reasonable level of accuracy, as previously suggested (Soares and Schaeffer-Novelli, 
2005; Estrada et al., 2014). Allometric equations developed for mangrove often do not 
capture the full range of tree morphology required for a particular species and geographic 
area, resulting in limited application or extrapolation resulting in substantial uncertainty 
(Kauffman and Donato, 2012; Bonham, 2013; Olagoke et al., 2015). Saltmarsh biomass 
can vary markedly in areas with high species diversity, where mosaicked distribution in 
the landscape results in variable densities associated with salinity and inundation 
gradients (Adam et al., 1988; Clarke, 1993; Clarke and Jacoby, 1994; Saintilan, 2009a). 
Variability in biomass may be more pronounced in regions where mangrove and 
saltmarsh vegetation are structurally complex, particularly in temperate regions where 
they coexist (Morrisey et al., 2010). 
Terrestrial laser scanning (TLS) is a technique that uses a ground-based active remote 
sensor that collects high resolution three-dimensional point clouds capable of providing 
detailed structural morphology of vegetation (Newnham et al., 2015). TLS has been 
demonstrated to effectively measure biomass in forested and pasture environments, 
providing clear benefits over traditional biomass measures as it is non-destructive and 
captures a level of detail that cannot be achieved using traditional methods (Olsoy et al., 
2014; Calders et al., 2015; Greaves et al., 2015; Paynter et al., 2016; Cooper et al., 2017; 
Wallace et al., 2017). However, current modelling approaches to measure biomass using 
TLS have been criticised for oversimplifying vegetation structure and underutilising the 
point cloud (Newnham et al., 2015).  
For large trees, biomass has been estimated using TLS by deriving trunk and branch 
volume, modelled using cylindrical shapes, and multiplying by wood specific gravity 
(Hackenberg et al., 2015b; Stovall et al., 2017). This rudimentary shape fitting may 
oversimplify tree architecture, particularly where structure is complex. Furthermore, non-
woody biomass has rarely been considered in TLS estimates (e.g. Belton et al., 2013; 
Calders et al., 2013, 2015; Raumonen et al., 2013; Kaasalainen et al., 2014; Olagoke et 
al., 2015). For shrub vegetation, modelling the general shape of the whole plant using 3-
D surface reconstructions is common, whereby scanned samples are destructively 
harvested to establish relationships between volume and biomass (Olsoy et al., 2014, 
2016; Greaves et al., 2015). This method, though relatively simple to execute, 
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underutilises the point cloud and results in oversimplifying vegetation structure. 
Similarly, current modelling approaches for grass and pasture species limits capacity to 
detect variation in density. A rasterised volumetric approach, whereby grass volume is 
calculated using two modelled layers from the point cloud, assumes full density of 
biomass relative to vegetation height. Linear models relating volume to harvested 
biomass have produced varying results and are likely limited by assumptions of 
vegetation density associated with the modelling approach (see Loudermilk et al., 2009; 
Eitel et al., 2014; Greaves et al., 2015; Cooper et al., 2017). 
The application of TLS for estimating biomass should exploit the large amount of 
structural information obtained (Newnham et al., 2015). Current volumetric modelling 
approaches sub-sample the point cloud, resulting in considerable loss of detail. An 
alternative approach to volumetric modelling is statistical analysis of the point cloud 
elevation histogram to establish relationships with above-ground biomass. This approach 
maximises utilisation of the information provided by the point cloud, avoiding 
oversimplification, reducing computational time, and does not require extensive 
modelling to extract volume. Statistical analysis of the point cloud elevation histogram 
has been explored, demonstrating promising preliminary results (e.g. Hauglin et al., 2013; 
Kankare et al., 2013; Srinivasan et al., 2014; Edwards, 2016; Rahman et al., 2017).  
There have been few TLS applications in coastal wetlands in comparison to terrestrial 
ecosystems. Modelling saltmarsh biomass has been attempted however with limited 
success (Edwards, 2016). For mangrove, previous research has established TLS as a 
viable alternative to harvesting for developing allometric equations to estimate biomass 
(Feliciano et al., 2014; Olagoke et al., 2015). These studies use volumetric modelling to 
determine mangrove woody biomass and present results showing high agreement 
between TLS-derived biomass and allometric estimates. However, both studies are 
limited to tall and relatively straight tropical mangrove stands, whereby tree morphology 
is somewhat simpler than can be observed for mangrove at latitudinal extremes where 
trees can be multi-stemmed, shrub-like and dwarfed (Morrisey et al., 2010). Accordingly, 
the structure of mangrove in these studies is relatively well described, despite 
underutilising the point cloud. Furthermore, no attempt to model non-woody biomass is 
given, limiting the adoption of TLS for mangrove biomass. 
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The aim of this study was to apply different methods using TLS to estimate biomass of 
structurally complex coastal wetland vegetation. The specific methods tested include 3D 
surface reconstruction of mangrove and the saltmarsh shrub Tecticornia arbuscula, 
rasterised volume modelling of grass, rush and herbs saltmarsh, and statistical analysis of 
point cloud elevation histograms, hereafter known as the point cloud elevation histogram 
model, to establish relationships with biomass of mangrove and saltmarsh. The 
hypothesis was that methods using TLS data will give comparable above-ground biomass 
estimates as traditional mangrove allometric and saltmarsh vegetation harvesting 
techniques. Using TLS-derived point clouds of mangrove and saltmarsh vegetation the 
specific objectives of this study are to: 
1. Determine vegetation volume and biomass for mangrove and Tecticornia 
arbuscula by applying 3-D surface reconstruction models to the point cloud that 
are validated against biomass estimates derived using traditional allometric 
equations and harvesting techniques 
2. Determine vegetation volume for grasses (Sporobolus virginicus), rushes (Juncus 
kraussii) and herbs (Samolus repens, Sarcocornia quinqueflora) saltmarsh using 
a rasterised volumetric approach, and correlate biomass estimates derived using 
traditional harvesting techniques 
3. Develop relationships between point cloud elevation histograms and biomass 
derived from traditional techniques to develop an alternative TLS-derived 
biomass model 
4. Compare volumetric models, 3-D surface reconstruction and rasterised volume, 
and point cloud elevation histogram modelling techniques with biomass estimates 
derived using traditional techniques 
As an outcome of this study a modelling technique is developed that provides accurate 
non-destructive estimates of biomass in coastal wetlands. This is particularly important 
given the conservation status of coastal ecosystems within many jurisdictions globally; 
to avoid traditional techniques that require harvesting of vegetation, and to establish 
biomass inventories with the required confidence necessary for trading in carbon markets. 
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5.2 Methods 
5.2.1 Study area 
Southeast Australia has a wave-dominated coastline (Sloss et al., 2007). Extensive saline 
coastal wetlands are restricted to estuaries and coastal embayments where low energy 
hydrodynamic conditions are suitable for establishment and growth (Roy et al., 2001). 
The temperate climate of southeast Australia supports mangrove and saltmarsh 
communities, these co-occur along intertidal shorelines (Adam, 1990). These vegetation 
communities exhibit strong zonation associated with tidal range, commonly occurring 
above mean sea level (Adam, 2002). Mangroves typically occur lower within the tidal 
frame, while saltmarsh occupy higher intertidal areas. The latitudinal range of this study 
is 32° S to 39° S. Data were collected from several sites in this region; Hexham swamp 
(32°51’ S, 151°41’ E), Minnamurra River (34°38’ S, 150°51’ E), Currambene Creek 
(35°1’ S, 150°40’ E), Kooweerup (38° 13’ S 145° 24’ E), and Rhyll (38° 27’ S 145° 17’ 
E). Avicennia marina is the dominant mangrove species in the region. Aegiceras 
corniculatum is also present in small patches of specific inundation and salinity. These 
species of mangrove exhibit three dominant structural forms within the region (Figure 
5.1a – c). Tall mangrove were typically 3 m to 8 m in height with a DBH greater than 15 
cm. Shrub mangrove were typically 1.3 m to 3 m in height with a DBH less than 15 cm. 
Dwarf mangrove were typically less than 1.3 m in height (Table 3.2). Avicennia marina 
is present in all three dominant structural forms, however Aegiceras corniculatum is only 
present in dwarf mangrove. Commonly present saltmarsh species are Sporobolus 
virginicus, Samolus repens, Juncus kraussii, Tecticornia arbuscula, and Sarcocornia 
quinqueflora (Figure 5.1d – h) (Adam et al., 1988; Clarke, 1993; Sainty et al., 2012). 
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Figure 5.1 Field photo examples of mangrove structural form and saltmarsh species present in the region; 
a) tall mangrove, b) shrub mangrove, c) dwarf mangrove, d) Sporobolus virginicus, e) Samolus repens, f) 
Juncus kraussii, g) Tecticornia arbuscula, h) Sarcocornia quinqueflora. 
5.2.2 Terrestrial laser scanning of mangrove and saltmarsh 
TLS data capture was completed using a Leica ScanStation C10 (Appendix C). Locations 
of scans and positions of reflective targets were strategically placed to avoid obstructions 
to scanning selected mangroves or saltmarsh quadrats, as well as ensuring sufficient 
survey redundancy for satisfactory registration of point clouds (Appendix C). All scans 
were completed at low tide to ensure comprehensive data capture of vegetation. Due to 
uneven and unstable wetland surfaces the tripod stand and reflective targets were mounted 
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on steel posts with a custom designed faceplate to ensure a stable level before scanning 
(Appendix C). Hemispherical photos were automatically acquired after the scan was 
complete.  
Once acquired, each scan was registered using the reflective targets to create a single 
point cloud in the software Cyclone 9.1 (Leica, 2016). RMSE was below 0.03 m for all 
registered point clouds and all points were colourised based on the hemispherical photos. 
A total of 53 mangroves were scanned from various sites including 17 tall mangrove, 30 
shrub mangrove and 6 dwarf mangrove. All scanned mangroves were Avicennia marina. 
A range of saltmarsh species in varying stand densities were scanned. These were 
Sporobolus virginicus, Samolus repens, Juncus kraussii, Tecticornia arbuscula, and 
Sarcocornia quinqueflora. Selected mangrove and Tecticornia arbuscula individual 
plants were extracted manually from the point cloud as well as selected saltmarsh quadrats 
(25 x 25 cm) for Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia 
quinqueflora. 
5.2.3 Above-ground biomass derived from traditional techniques 
Each scanned mangrove was measured for height (cm), crown area (m2), and diameter of 
the stem(s) (cm). Structure-specific allometric equations were used to calculate above-
ground biomass (AGB) of each mangrove (Chapter 4). Woody AGB, leaves plus 
inflorescences AGB and total AGB were calculated for each mangrove. 
Saltmarsh vegetation was harvested to determine above-ground biomass. Five individual 
Tecticornia arbuscula plants were harvested, differing in height and crown area to capture 
a range of growth morphologies. Scanned saltmarsh quadrats (25 x 25 cm) of Sporobolus 
virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora were 
harvested in high, medium and low density stands. Four replicates were harvested in each 
stand density. All harvested material was transferred to the laboratory. Vegetation was 
rinsed to remove excess sediment, weighed, then oven dried at 60°C to a constant mass 
and reweighed. 
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5.2.4 Mangrove 3-D modelling 
TLS-derived volume for mangrove vegetation was determined by applying 3-D surface 
reconstruction models to the point cloud. Several 3-D surface reconstruction models were 
applied to compare volume estimates between mangrove individuals (Figure 5.2). 
Due to structurally complex mangrove, two methods were employed for TLS-derived 
mangrove volume. Where woody compartments could be automatically extracted, woody 
and non-woody compartments were modelled separately (Figure 5.2b, c). This included 
all tall mangrove and several larger shrub mangrove. Automatic extraction of woody and 
non-woody compartments was completed using the toolset Extract Major Branches in 
the open source software package Computree using the Simpletree plugin (Hackenberg 
et al., 2015a). This toolset uses principal components analysis with user set eigenvalue 
thresholds to define a point as stem or twig by analysing the neighbourhood of each point 
in the point cloud (Raumonen et al., 2013; Hackenberg et al., 2015a). However, where 
woody compartments could not be automatically extracted, due to occlusion by non-
woody compartments, mangrove compartments were not modelled separately. This 
included shrub mangrove and all dwarf mangrove.  
Volumes of woody compartments were calculated using two 3-D surface reconstruction 
models; quantitative structure models (QSM) and Poisson surface reconstruction (Figure 
5.2d, e).  QSMs are based on cylinders that define the trunk and branches through a 
regression algorithm (Raumonen et al., 2013). Poisson surface reconstruction is a 
triangular mesh generation algorithm that is particularly useful with highly noisy data 
(Kazhdan and Hoppe, 2013). Volume of non-woody compartments were calculated using 
two 3-D surface reconstruction models; Poisson surface reconstruction and convex hull 
(Figure 5.2f, g). The convex hull model is a triangular mesh generation algorithm that 
represents the smallest surface area that contains all points in the point cloud (Barber 
1996; Olsoy et al., 2014; Stovall et al., 2017). The same approach for calculating volume 
using Poisson and convex hull 3-D surface reconstruction models was used for small 
stature mangrove where woody compartments were occluded by non-woody 
compartments and could not be modelled separately (Figure 5.2i, j). Analysis of variance 
(ANOVA) was used to establish relationships between TLS-derived volume estimates for 
woody and non-woody compartments, as well as small stature mangroves, using different 
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3-D surface reconstruction models. All statistical tests completed in this study were 
carried out using a 0.05 level of significance. 
Above-ground biomass of mangrove for woody compartments was calculated by 
multiplying the volume, determined by 3-D surface reconstruction models, by wood 
specific gravity of each mangrove structure (Tall mangrove = 0.774 g/cm3, Shrub 
mangrove = 0.734 g/cm3; Appendix C). For non-woody compartments and small stature 
mangroves above-ground biomass could not simply be calculated by applying a density 
factor. Rather, 3-D surface reconstruction volumes were converted to ‘crown volume’ 
(height x crown area). An average ratio was determined for this conversion for both 
Poisson-derived volumes and convex hull-derived volumes for non-woody compartments 
and small stature mangroves. These ratios were then used to estimate Poisson and convex 
hull volumes for harvested mangroves in Chapter 4. 
Above-ground biomass of woody and non-woody compartments was determined for each 
harvested mangrove. Allometric equations were developed to estimate above-ground 
biomass of scanned mangroves using 3-D surface reconstruction volumes of Poisson and 
convex hull. Dependent variables were leaves plus inflorescences biomass and total 
biomass. Independent variables were Poisson-derived and convex hull-derived volumes. 
Response and independent variables were natural log (ln) transformed prior to analysis to 
achieve assumptions of normality. Developed equations were back transformed from log 
transformation to facilitate calculating dependent variables. A correction factor (CF) was 
calculated for all equations as back transformations from log transformations are 
associated with underestimation of response variables (Sprugel, 1983). CF is calculated 
as exp(RMSE/2). Allometric equations are in the form: 
ln( ) =   +   × ln ( ) (5.1) 
where   is the biomass, and   and   are constants. To establish the biomass and 
incorporate the correction factor, equation 5.1 is written as: 
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y = (exp(  +   × ln( ))) ×    (5.2) 
Statistical analysis for linear regression models, including r2, RMSE and statistical 
significance, was undertaken in JMP Version 11 (SAS Institute Inc., Cary, NC, USA). 
TLS-derived above-ground biomass estimates of mangrove were compared with above-
ground biomass estimates from allometric equations developed in Chapter 4. ANOVA 
was used to identify significant differences between estimates for woody and non-woody 
compartments as well as total above-ground biomass. Mean confidence intervals (95%) 
were calculated for biomass derived from allometric equations for each scanned 
mangrove. 
5.2.5 Tecticornia arbuscula 3-D modelling 
Saltmarsh volumetric calculations for Tecticornia arbuscula were similar to the approach 
for mangrove non-woody compartments. Tecticornia arbuscula were structurally similar 
to dwarf mangrove and often the woody compartment was occluded by the non-woody 
components. Volume was calculated with Poisson and convex hull reconstruction models 
(Figure 5.2l, m). ANOVA was used to compare TLS-derived volumes from different 3-
D surface reconstructions. 
Above-ground biomass, estimated using traditional harvesting techniques, was correlated 
with TLS-derived volume estimates of Poisson and convex hull 3-D surface 
reconstructions. The relationship between above-ground biomass and TLS-derived 
volume was tested using a range of models. The selected model was chosen where the 
relationship was significant (p < 0.05) and r2 was optimised. 
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Figure 5.2 Workflow for TLS-derived volume for mangrove and Tecticornia arbuscula saltmarsh. For a) 
mangrove where b) woody and c) non-woody compartments could be automatically delineated, the woody 
compartment was modelled by comparing 3-D surface reconstruction methods d) Poisson reconstruction 
and e) quantitative structure models. The non-woody compartment was modelled by comparing 3-D surface 
reconstruction methods f) Poisson reconstruction and g) convex hull reconstruction. Where mangrove 
woody compartments were h) occluded by non-woody compartments and could not be automatically 
extract, the point cloud was modelled similar to non-woody compartments; 3-D surface reconstruction 
techniques were compared for i) Poisson reconstruction and j) convex hull reconstruction. For k) 
Tecticornia arbuscula, the same workflow was undertaken as for non-woody compartments, l) Poisson 
reconstruction and m) convex hull reconstruction. 
5.2.6 Saltmarsh rasterised volume modelling 
TLS-derived volume for grasses (Sporobolus virginicus), rushes (Juncus kraussii) and 
herbs (Samolus repens, Sarcocornia quinqueflora) saltmarsh was determined using the 
rasterised volumetric approach developed by Loudermilk et al. (2009). This methodology 
involves a volumetric surface differencing approach whereby a raster grid is generated at 
a specified cell size and volume is calculated by summing the volumes of all cells within 
the quadrat. Two layers are required to be defined before calculating; the ground surface, 
DEM, and the canopy surface, DSM. The ground surface was calculated as a planar model 
of the minimum points of the point cloud, as change in topography for small plots is 
suggested to be minimal (Cooper et al., 2017; Wallace et al., 2017). Two canopy surface 
models were calculated for analysis in this study, first using the maximum height of each 
cell and second using the average height of each cell. This methodology was tested for 
Chapter 5: Terrestrial laser scanning 
128 
each species with differing cell sizes (i.e. 1 cm, 2 cm, 5 cm) for both maximum height 
and average height, with interpolation between empty cells (if any) and no interpolation 
between empty cells, as has been tested in previous studies in different environments 
(Eitel et al., 2014; Cooper et al., 2017; Wallace et al., 2017). ANOVA was used to 
determine if cell size and interpolation of raster DSM had a significant effect on volume.  
Volume estimates were correlated with biomass estimates derived from traditional 
harvesting techniques. Linear regressions were compared for above-ground biomass and 
TLS-derived volumes. Models were selected for each species where the relationship was 
significant (p < 0.05) and r2 was optimised. 
5.2.7 Point cloud elevation histogram to biomass model 
An alternate model was developed that did not require modelling volume of the point 
cloud. Rather, all points in the point cloud for each mangrove/Tecticornia arbuscula 
individual and saltmarsh quadrat were used to develop point cloud elevation histograms 
(Figure 5.3). Descriptive parameters were calculated for each point cloud. These were 
mean, standard deviation, range, median, median absolute deviation, number of points in 
point cloud, summation of points in point cloud (point elevation x n), variance, skewness 
and kurtosis. These parameters were selected as they represent the distribution of the point 
cloud histogram. 
Linear models were developed using the histogram descriptive parameters (independent 
variables) and above-ground biomass (dependent variable) derived from traditional 
allometric and harvest techniques. A stepwise linear regression model was used to explore 
all models and combinations of independent variables. Separate linear models were 
developed for each mangrove and saltmarsh species. All samples were used in model 
development due to limited sample size. A model was selected for each species where the 
Bayesian information criterion (BIC) was optimised and the equation was significant (p 
< 0.1). Although other parameters have been used for model selection (i.e. r2, AIC, 
RMSE), BIC was used in this study as it performs well with small data sets and penalises 
the addition of dependent variables (Pitt and Myung, 2002; Aertsen et al., 2010; Fabozzi 
et al., 2014). Where BIC was similar between optimised models (i.e. ± 1), the equation 
where RMSE was optimised was selected. 
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Figure 5.3 Examples of TLS-derived point clouds of mangrove and saltmarsh vegetation and associated 
point cloud elevation histogram distributions. Elevation points are grouped into 5 cm bins for mangrove 
and 1 cm bins for saltmarsh. 
5.2.8 Model comparison 
The point cloud elevation histogram method was compared to the 3-D surface 
reconstruction model for mangrove and Tecticornia arbuscula, as well as the rasterised 
volumetric method for Sporobolus virginicus, Samolus repens, Juncus kraussii and 
Sarcocornia quinqueflora. Each model was used to estimate above-ground biomass and 
this was compared to biomass estimates of mangrove and saltmarsh using traditional 
allometric methods and vegetation harvesting techniques. Models were evaluated using 
r2 and analysis of covariance (ANCOVA). Each model was evaluated independently 
using ANCOVA by comparing the regression model to the 1:1 regression (i.e. where 
observed and estimated biomass were the same). Models were optimised where r2 was 
higher and the model was not significantly different to the 1:1 regression (p > 0.05). 
5.3 Results 
5.3.1 Mangrove 3-D modelling 
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TLS-derived volume of woody and non-woody compartments varied with 3-D surface 
reconstruction method. For woody compartments, variation between Poisson and QSM 
derived volume estimates was insignificant (p = 0.9213). However Poisson and convex 
hull volume estimates for non-woody compartments were significantly different (p = 
0.0042). convex hull volume estimates were substantially higher than Poisson derived 
volume estimates for non-woody compartments. Likewise, convex hull volume estimates 
for small stature mangroves were significantly higher than Poisson volume estimates (p 
< 0.0001). 
Allometric equations were developed to calculate biomass from TLS-derived volume 
estimates of non-woody compartments and small stature mangroves. Average ratios were 
determined for conversion of Poisson-derived volumes and convex hull-derived volumes 
for non-woody compartments (Poisson = 0.12 ± 0.05 m3, convex hull = 0.44 ± 0.16 m3) 
and small stature mangroves (Poisson = 0.19 ± 0.07 m3, convex hull = 0.55 ± 0.16 m3). 
Volume estimates from Poisson and convex hull surface reconstruction models were used 
as independent variables (Table 5.1). Robust equations were developed, however those 
developed for total above-ground biomass of small stature mangroves had greater r2 and 
lower RMSE than leaves plus inflorescences developed for non-woody compartments. 
Table 5.1 Allometric equations for mangrove biomass from TLS-derived volumes. AGB (kg), Poisson 
volume (m3), convex hull volume (m3). Equations should be calculated as y = (exp (a + b x ln(x1))) x CF. 
SE Standard error of variable, CF correction factor, n sample size.  
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TLS-derived above-ground biomass estimates were comparable with estimates from 
traditional allometric equations developed in Chapter 4. Above-ground biomass estimated 
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using allometric equations was not significantly different to TLS-derived biomass 
estimates for woody components (QSM p = 0.7235, Poisson p = 0.6511), non-woody 
components (Poisson p = 0. 7758, convex hull p = 0.6931), or shorter stature mangroves 
(Poisson p = 0.9728, convex hull p = 0.9426). On average TLS-derived woody 
compartment biomass estimates deviated from allometric estimates by 21% for QSM and 
20% for Poisson. For non-woody compartments, average deviation from allometric 
estimates were greater in tall mangrove than shrub mangrove for both Poisson (tall 
mangrove 35%, shrub mangrove 25%) and convex hull (tall mangrove 30%, shrub 
mangrove 24%) derived estimates. Poisson and convex hull deviation from the allometric 
equation estimates was small for shorter stature mangroves, however shrub mangrove 
(Poisson 24%, convex hull 24%) had greater average deviation than dwarf mangrove 
(Poisson 17%, convex hull 13%). 
A minority of TLS-derived biomass estimates were outside the 95% confidence interval 
of the allometric equation estimates (Figure 5.4). For woody compartment estimates, one 
of 17 tall mangrove and one of 13 shrub mangrove measured was greater that then 95% 
confidence interval. This was similar for small stature mangrove where the majority of 
both shrub and dwarf mangrove TLS-derived estimates were within the 95% allometric 
confidence interval (shrub mangrove 16 of 17, dwarf mangrove 5 of 6). However, for 
non-woody compartments three of 17 tall mangrove were greater than the 95% 
confidence interval, as well as two of 13 shrub mangrove. 
5.3.2 Tecticornia arbuscula 3-D modelling 
The relationships between above-ground biomass of harvested Tecticornia arbuscula and 
TLS-derived volume estimates using 3-D surface reconstruction were optimised using a 
logarithmic model (Figure 5.5). Convex hull volume estimates were substantially higher 
than Poisson derived volume estimates, however this was insignificant (p = 0.1284). Both 
TLS-derived volume estimates had similar r2 (Poisson r2 = 0.84 p = 0.0004, convex hull 
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Figure 5.5 Comparison of 3-D surface reconstruction models, Poisson and convex hull, and their 
relationships to above-ground biomass for harvested Tecticornia arbuscula. 
5.3.3 Saltmarsh rasterised volume modelling 
The optimal equation for three of the four saltmarsh species utilised the average height 
raster as the DSM for each saltmarsh quadrat. For Sporobolus virginicus and Samolus 
repens above-ground biomass was best described by 2 cm cell size, while for Juncus 
kraussii and Sarcocornia quinqueflora biomass was best described by 5 cm cell size 
(Table 5.2). Samolus repens had the highest r2 and lowest RMSE of all species. 
Interpolating empty cells of a raster did not significantly change the calculated volume 
for Sporobolus virginicus, Samolus repens or Juncus kraussii, irrespective of cell size or 
DSM used to calculate volume (p-value consistently > 0.05, Appendix C). However, 
interpolating the DSM for Sarcocornia quinqueflora at a cell size of 1 cm did significantly 
modify volume calculations (maximum height p = 0.0004, average height p = 0.0003). 
Varying cell size for the rasterised volume method did significantly influence volume 
calculations for Sporobolus virginicus, Samolus repens and Sarcocornia quinqueflora (p-
value consistently < 0.05, Appendix C), whereby increasing the cell size increased 
calculated volume. However, this was not the case for Juncus kraussii (p-value 
consistently > 0.05, Appendix C). 
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Table 5.2 Optimised linear models for estimating above-ground biomass for each species of saltmarsh 
(Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora) using the 
rasterised volume method. AGB (g). All linear models provided in Appendix C. 
Linear model for each species Adj-r2 (r2) RMSE p 
Sporobolus virginicus 
AGB = 332 + (75926 x 2cm max height non interpolated) 
0.46 (0.51) 384 0.0095 
Juncus kraussii 
AGB = 685 + (17952 x 5cm average height non interpolated) 
0.42 (0.48) 494 0.0131 
Samolus repens 
AGB = - 11 + (41267 x 5cm average height non interpolated) 
0.64 (0.67) 131 0.0012 
Sarcocornia quinqueflora 
AGB = - 157 + (154384 x 2cm average height interpolated) 
0.56 (0.60) 254 0.0032 
 
5.3.4 Point cloud elevation histogram to biomass model 
Optimised point cloud elevation histogram models for mangrove and saltmarsh utilised 
greater than seven dependent variables to estimate AGB, with the exception of 
Tecticornia arbuscula (Table 5.3). Only Juncus kraussii utilised all descriptive 
parameters of the histogram as dependent variables. Common to all optimised models 
were the descriptive parameters of mean and range. All equations were significant (p < 
0.1) with optimised BIC. The equation for Samolus repens had the lowest r2, however r2 
for all species was greater than 0.9. For each addition of a dependent variable in stepwise 
linear regression modelling, the optimal equation was recorded (see Appendix C). 
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Table 5.3 Optimised point cloud elevation histogram linear models for mangrove and saltmarsh. For 
mangrove AGB (kg). For saltmarsh AGB (g). Optimised linear models for each variable addition in 
stepwise model provided in Appendix C. 
Linear model for each species BIC Adj-r2 (r2) RMSE p 
Mangrove (A. marina) 
AGB = -2.6 - (11 x mean) - (10 x standard deviation) - 
(0.0001 x number of points) + (0.0000004 x sum of points) + 
(0.02 x variance) + (8.9 x median) + (2.6 x range) + (3.8 x 
mean absolute deviation) 
642 0.94 (0.95) 78 <0.0001 
Tecticornia arbuscula 
AGB = 24 + (230 x mean) + (2376 x skewness) - (115 x 
range) 
21 0.99 (0.99) 2.1 0.0022 
Sporobolus virginicus 
AGB = -3184 + (1754 x mean) + (7846 x standard deviation) 
- (0.8 x number of points) - (335 x variance) - (4066 x 
skewness) - (4588 x kurtosis) - (2687 x median) + (791 x 
range) - (9906 x mean absolute deviation) 
153 0.96 (0.99) 109 0.0356 
Juncus kraussii 
AGB = -44254 + (1231 x mean) + (9852 x standard 
deviation) + (1.3 x number of points) - (0.01 x sum of points) 
- (290 x variance) + (17462 x skewness) + (2391 x kurtosis) + 
(945 x median) - (1931 x range) + (1902 x mean absolute 
deviation) 
129 0.99 (0.99) 52 0.0589 
Samolus repens 
AGB = 7191 - (370 x mean) - (3365 x standard deviation) + 
(0.03 x number of points) + (407 x variance) + (901 x 
skewness) + (510 x median) - (63 x range) 
154 0.79 (0.92) 100 0.0412 
Sarcocornia quinqueflora 
AGB = 3003 - (1726 x mean) - (2154 x standard deviation) - 
(2.7 x number of points) + (0.2 x sum of points) + (167 x 
variance) + (2113 x skewness) - (824 x kurtosis) + (1812 x 
median) + (122 x range) 
155 0.90 (0.98) 120 0.0781 
 
5.3.5 Model comparison 
Above-ground biomass estimates using the point cloud elevation histogram method were 
compared with 3-D surface reconstruction estimates for mangrove and Tecticornia 
arbuscula and biomass estimates for Sporobolus virginicus, Samolus repens, Juncus 
kraussii and Sarcocornia quinqueflora using the rasterised volume method (Figure 5.6). 
For mangrove, the AGB estimates of 3-D surface reconstructions were the average of the 
two 3-D surface reconstruction methods employed (QSM and Poisson for woody 
compartment; Poisson and convex hull for non-woody compartment). For mangrove 
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where woody and non-woody compartments were delineated the average of the 3-D 
surface reconstruction methods was added together for total AGB. Similarly for 
Tecticornia arbuscula, the estimated AGB of the 3-D surface reconstruction was the 
average of the two methods employed (Poisson and convex hull). 
Overall the point cloud elevation histogram models for mangrove and saltmarsh were 
more robust than volumetric models. For mangrove 3-D surface reconstruction methods, 
biomass was overestimated compared to allometric derived biomass estimates. These 
results are similar to trends in Figure 5.4. The 3-D surface reconstruction model and point 
cloud elevation histogram model had similar r2 (0.95), however biomass estimates using 
the 3-D surface reconstruction model were significantly different to the 1:1 line (p = 
0.0001). For Tecticornia arbuscula biomass estimates, the point cloud elevation 
histogram model was more robust (r2 = 0.99) than the 3-D surface reconstruction model 
(r2 = 0.88), despite both models being similar to the 1:1 regression (p = 0.4547, p = 
0.9977).  
For Sporobolus virginicus, Samolus repens, Juncus kraussii and Sarcocornia 
quinqueflora, r2 was substantially higher for the point cloud elevation histogram model 
compared to the rasterised volume model (see Table 5.2 and Table 5.3). All biomass 
estimates using the rasterised volume model were significantly different to the 1:1 
regression, however differences between the point cloud elevation histogram model and 
1:1 regression were insignificant (Sporobolus virginicus p = 0.0053, p = 0.6749; Samolus 
repens p = 0.0375, p = 0.3711; Juncus kraussii p = 0.0034, p = 0.9409; Sarcocornia 
quinqueflora p = 0.0167, p = 0.6739). 
Chapter 5: Terrestrial laser scanning 
137 
 
Figure 5.6 Model comparison between 3-D surface reconstruction, rasterised volume and point cloud 
elevation histogram modelling techniques for estimating above-ground biomass. Observed above-ground 
biomass derived using traditional mangrove allometric and saltmarsh vegetation harvesting techniques. a) 
mangrove b) Tecticornia arbuscula c) Sporobolus virginicus, d) Juncus kraussii, e) Samolus repens, f) 
Sarcocornia quinqueflora. 1:1 line shown for reference. 
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5.4 Discussion 
5.4.1 Synthesis of results 
This study applied TLS to demonstrate its effectiveness in determination of biomass in 
structurally complex wetlands. TLS-derived biomass estimates for mangrove were 
consistent with biomass estimates derived from traditional allometric techniques, similar 
to results found elsewhere (Feliciano et al., 2014; Calders et al., 2015; Olagoke et al., 
2015). Substantial variability in biomass estimates was established, likely due to 
structural complexity of temperate Avicennia marina (Morrisey et al., 2010). Established 
relationships between biomass and volume using the rasterised volumetric approach for 
saltmarsh were broadly similar to previous studies (Loudermilk et al., 2009; Eitel et al., 
2014; Cooper et al., 2017; Wallace et al., 2017). However, results in this study suggest 
that this approach may oversimplify the structural complexity of saltmarsh, and 
underutilises the information provided by the point cloud. The point cloud elevation 
histogram model presented in this study provides an alternate approach that utilises all of 
the information within the point cloud, as opposed to sub-sampling based on specific 
criteria. Model comparisons show that the point cloud elevation histogram models were 
more robust than both 3-D surface reconstruction models and rasterised volumetric 
models, suggesting this method is preferable and should be used in future studies. 
5.4.2 Mangrove biomass from 3-D surface reconstruction models 
Above-ground biomass estimates for mangrove vegetation derived from 3-D surface 
reconstruction models produced similar results to traditional allometric equation 
estimates developed in Chapter 4. Estimates derived using allometric equations were not 
significantly different to estimates derived from 3-D surface reconstruction models, 
however several outliers were identified. These outliers are due to the inability of 
allometric equations to account for tree measured variables that are outside the normal 
range. For example, one mangrove individual with a height of 5.5 m had a total stem 
diameter of 47.2 cm, substantially different from the majority of mangroves with similar 
height (i.e. total stem diameter 15 – 30 cm). This resulted in TLS-derived biomass 
estimates being two-fold greater that the allometric-based estimate. For non-woody 
estimates of larger mangroves, five of the 30 mangrove individuals were outside the 95% 
confidence interval using the allometric equation. This may be due to outliers with 
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markedly different tree measured variables, however non-woody compartments of 
mangroves can have considerable variability and may not correlate to plant growth 
(Soares and Schaeffer-Novelli, 2005; Kauffman and Donato, 2012). 
The majority of large mangrove individual biomass was within the 95% confidence 
interval, however markedly different biomass estimates occurred in some mangroves, 
particularly those larger than 5 m in height. Of the 12 mangrove individuals larger than 5 
m in height, eight have higher biomass for estimates derived from 3-D surface 
reconstruction models, with an average of 30% increase. Large older mangroves typically 
undergo decay and form hollows and cavities (Saenger, 2002), however for woody 
compartments, TLS-derived estimates assume full density of wood in modelled volume. 
This has been discussed previously regarding mangrove woody estimates (Olagoke et al., 
2015) and may explain why TLS estimates for tall mangrove woody compartments in this 
study are higher than allometric derived estimates. 
Although mangroves in temperate settings have less species diversity than tropical and 
sub-tropical regions, research suggests that structural complexity is high, influencing 
above-ground biomass (Morrisey et al., 2010). This may explain why mangrove woody 
compartment biomass estimates in this study were substantially more variable than 
previous studies in mangrove forests. Average deviation of TLS-derived biomass 
estimates from allometric estimates was 20% for mangrove woody compartments. 
Previous studies in southern Florida and French Guiana suggest up to 90% agreement 
between TLS-derived estimates and allometric estimates (Feliciano et al., 2014; Olagoke 
et al., 2015), however, these studies model relatively tall trees (i.e. up to 23 m Feliciano 
et al., 2014, 14 – 41 m Olagoke et al., 2015) with simple structure (i.e. fairly straight 
trunks, minimal branching and similar growth forms between juvenile and mature trees). 
Differences between TLS and allometric biomass estimates in this study may be further 
exacerbated by variability in growth forms of Avicennia marina in temperate settings, 
particularly in southeast Australia (Saintilan, 1997b; Morrisey et al., 2010). 
Several 3-D surface reconstruction models were tested in this study to determine the 
optimal model for estimating biomass for wetland vegetation that is structurally complex. 
Previous studies have used QSMs, or similar geometric shapes (Feliciano et al., 2014; 
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Ishak et al., 2015), to model tree woody compartments with reasonable success (Calders 
et al., 2013, 2015; Raumonen et al., 2013; Kaasalainen et al 2014; Hackenberg et al., 
2015b; Paynter et al., 2016; Stovall et al., 2017). It was expected that the Poisson surface 
reconstruction model may perform better than QSMs, particularly when tree architecture 
is complex, as a continuous surface model is created rather than discrete objects. 
However, the results in this study demonstrate that both QSMs and Poisson surface 
reconstruction models are appropriate for structurally complex mangrove, whereby 
differences in volume and biomass estimates was insignificant (p = 0.9213). 
For non-woody mangrove compartments, small stature mangroves and Tecticornia 
arbuscula, Poisson and convex hull surface reconstruction models produced markedly 
different volume estimates. Both reconstruction models have been used in previous 
research with varying success, particularly in reconstruction of small stature plants (Olsoy 
et al., 2014, 2016; Stovall et al., 2017). Volume estimates derived using convex hull 
surface reconstruction models were greater than Poisson surface reconstruction models, 
however estimates were highly correlated. This was not surprising as Poisson 
reconstruction is particularly resistant to outliers in the point cloud, whereas convex hull 
reconstruction ensures the volume estimate encompasses all points (Barber 1996; 
Kazhdan and Hoppe, 2013; Olsoy et al., 2014). Differences in volume estimates are likely 
exacerbated by structural complexity of vegetation. However, as volume estimates were 
highly correlated, biomass estimates for both reconstruction models were not 
significantly different. 
Non-woody biomass has rarely been considered in TLS biomass studies, with many 
studies focusing on woody compartment biomass (e.g. Belton et al., 2013; Calders et al., 
2013, 2015; Raumonen et al., 2013; Kaasalainen et al., 2014; Olagoke et al., 2015). This 
is likely due to the comparatively lower contribution of non-woody compartment biomass 
to total biomass, as well as difficulty in modelling the canopy from the point cloud. This 
study provides a method to derive non-woody biomass estimates which can also be 
applied in a similar fashion to smaller stature plants and shrubs where the woody 
compartment cannot be delineated and modelled separately. A canopy correction factor 
for mangrove was applied in Feliciano et al. (2014), assuming non-woody biomass 
accounted for 20 ± 10% of total biomass based on estimates from previous research 
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(Clough et al., 1997; Fromard et al., 1998; Komiyama et al., 2005). However non-woody 
biomass contribution to total biomass can be highly variable, ranging from 2 – 25% in 
mangrove forests (Fromard et al., 1998, Alongi et al., 2003; Comley and McGuiness, 
2005; Bulmer et al., 2016a; Hossian et al., 2016). Results from biomass estimates of 
mangrove in this study suggest that average non-woody biomass contributes 13 ± 3% of 
total above-ground biomass. Future studies should include non-woody compartment 
estimates as current approaches that only focus on woody compartment biomass limit the 
adoption of TLS for biomass estimates. Furthermore, measuring only woody 
compartments limits studies to larger trees, and restricts the use of high precision non-
destructive approaches for small stature mangroves and other shrub vegetation. This is 
the first attempt to derive non-woody biomass estimates for mangroves, and subsequently 
small stature mangrove biomass, using TLS.  
In this study allometric equations are used to estimate mangrove biomass as a reference 
to compare the validity of TLS-derived biomass estimates. However, allometric equations 
can have considerable uncertainty in estimates, particularly for structurally complex 
mangroves (Soares and Schaeffer-Novelli, 2005). Recent research by Calders et al. (2015) 
compared TLS-derived biomass estimates and allometric equation estimates by 
harvesting 28 trees in a eucalypt forest. Their results suggest that TLS overestimates 
biomass by 10%, compared to allometric equations which underestimate biomass by 
30%. Previous studies in mangrove forests have used allometric equations as a reference 
to compare TLS-derived biomass estimates (Feliciano et al., 2014; Olagoke et al., 2015), 
however TLS is yet to be applied where mangrove are subsequently harvested. To verify 
relationships established in this study (and others) a subset of scanned mangrove should 
be harvested and compared to TLS approaches for estimating biomass. 
5.4.3 Tecticornia arbuscula biomass from 3-D surface reconstruction models 
This study is the first to present data on above-ground biomass of Tecticornia, and makes 
the first attempt to model Tecticornia arbuscula biomass with TLS-derived volume 
estimates. Despite limited sample numbers, the methodology used in this study was 
demonstrated to be useful for non-destructive assessment of Tecticornia arbuscula 
biomass. Results in this study are consistent with previous studies that used 3-D surface 
reconstruction models to estimate biomass of shrub vegetation. For example, Olsoy et al. 
Chapter 5: Terrestrial laser scanning 
142 
(2014) modelled and harvested 91 sagebrush individuals from the Great Basin USA, 
demonstrating similar relationships to those found in this study for Tecticornia arbuscula. 
Future research should build upon the results of this study by harvesting an increased 
number of Tecticornia arbuscula, and develop traditional allometric equations and TLS-
derived relationships so that above-ground biomass can be estimated confidently using 
non-destructive techniques. Tecticornia arbuscula can be extensive in some estuaries of 
southeast Australia (Adam and Hutchings, 1987; Adam et al., 1988) and represents an 
important biomass contribution that should be accounted for. 
5.4.4 Rasterised volumetric model for saltmarsh grasses 
Saltmarsh vegetation in temperate settings such as southeast Australia is structurally 
complex, varying with species distribution and stand density in response to edaphic 
conditions (Adam et al., 1988; Clarke, 1993; Clarke and Jacoby, 1994). In this study the 
rasterised volumetric model was used to correlate volume with harvested biomass for four 
saltmarsh species. Relationships established in this study show variability between 
species, with r2 ranging from 0.48 to 0.67. These results are broadly similar to other 
established relationships for grass and crop species in terrestrial environments (r2 = 0.83, 
Loudermilk et al., 2009; r2 = 0.72-0.79, Eitel et al., 2014; r2 = 0.46-0.57, Cooper et al., 
2017; r2 = 0.69-0.75, Wallace et al., 2017). This study also tested various rasters with 
different cell sizes and found these similarly varied among species, consistent with 
previous studies (Eitel et al., 2014; Cooper et al., 2017; Wallace et al., 2017).  
The rasterised volumetric approach is a relatively simple technique to obtain volumetric 
calculations of biomass for grass and crop vegetation that cannot be modelled similarly 
to woody vegetation. However results from this study suggest that this approach may 
oversimplify the structural complexity of saltmarsh and underutilises the information 
provided by the point cloud. The rasterised volumetric approach assumes full biomass 
density calculated from the DSM (Loudermilk et al., 2009; Eitel et al., 2014; Greaves et 
al., 2015; Cooper et al., 2017). Although height may be proportional to biomass for some 
grass species, this is not the case for saltmarsh. For example substantial variation in 
biomass can occur between stands of Juncus kraussii that have similar height but 
markedly different density (Clarke and Jacoby, 1994). This study demonstrated that the 
rasterised volumetric approach does not provide the required confidence in biomass 
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estimates for saltmarsh, particularly in areas of high species diversity and variability in 
density.  
5.4.5 Biomass and point cloud elevation histograms 
TLS as a non-destructive method for estimating biomass has received considerable 
attention due to the large amount of structural information it can provide. Despite 
equipment and analytical costs being a significant deterrent for adoption of TLS for 
biomass estimates (Newnham et al., 2012; Eitel et al., 2014; Cooper et al., 2017), current 
modelling approaches have also discouraged widespread application due to expert 
knowledge and computational time required, as well as oversimplification of the point 
cloud (Newnham et al., 2015). The point cloud elevation histogram model presented in 
this study provides a method that maximises utilisation of the TLS point cloud and applies 
relatively simple data analysis techniques. Similar approaches have been used in previous 
research to analyse canopy distribution and biomass of large terrestrial trees with varying 
success (e.g. Hauglin et al., 2013; Kankare et al., 2013; Srinivasan et al., 2014; Newnham 
et al., 2015; Rahman et al., 2017). A preliminary study by Edwards (2016) utilises the 
point cloud elevation histogram to investigate the relationship between above-ground 
biomass of two saltmarsh species in the USA. The results from Edwards (2016) show 
promising capability of using the histogram to model above-ground biomass, however 
their model approach is complex, site-specific and difficult to replicate elsewhere. The 
method presented in this study utilises several descriptive parameters from the point cloud 
elevation histogram to explain above-ground biomass of both mangrove and saltmarsh 
vegetation. This method is simple but highly effective for both mangrove (r2 = 0.95) and 
saltmarsh (r2 > 0.92) vegetation. 
It is proposed that future biomass modelling using TLS-derived point clouds should apply 
the point cloud elevation histogram model demonstrated in this study. Unlike other the 3-
D surface reconstruction models and rasterised volumetric approach presented in this 
study, the point cloud elevation histogram model does not require delineation of woody 
and non-woody vegetation and can be applied to both mangrove and saltmarsh vegetation. 
Model comparisons demonstrate that the point cloud elevation histogram models were 
more robust than both the 3-D surface reconstruction model and rasterised volumetric 
model. Limited harvest data, due to the conservation status of mangrove and saltmarsh in 
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southeast Australia, required all samples to be used in model generation, and further 
validation could be achieved by comparison of modelled biomass estimates with 
independently harvested biomass. 
5.5 Conclusions 
This study demonstrates that TLS is a reliable non-destructive method for estimating 
biomass of structurally complex coastal wetland vegetation. The results in this study 
demonstrate that current volumetric modelling approaches for estimating TLS-derived 
biomass are consistent with traditional mangrove allometrics and saltmarsh harvesting. 
However, volumetric modelling approaches oversimplify vegetation structure by 
underutilising the large amount of structural information provided by the point cloud. As 
a result, many studies using TLS have focused on estimating woody compartment 
biomass of large trees, overlooking non-woody compartment biomass and shrub biomass, 
which can account for considerable carbon storage over large extents. Current modelling 
approaches that focus only on woody compartment biomass limit the adoption of TLS for 
biomass estimates. It is proposed that future biomass modelling using TLS-derived point 
clouds should apply the point cloud elevation histogram model demonstrated in this 
study. This approach maximises utilisation of the information provided by the point 
cloud, avoiding oversimplification, reducing computational time, and does not require 
extensive modelling to extract volume. Furthermore, the point cloud elevation histogram 
model can be applied to both mangrove and saltmarsh vegetation. The research presented 
here advances modelling methods using TLS as a non-destructive method for estimating 
biomass in coastal wetlands. 







Chapter 6: Spatial variation of surface soil carbon storage in 
temperate coastal wetlands 
 
Some of the results in this chapter have been published as a peer-reviewed journal article. 
Owers, C.J., Rogers, K., Mazumder, D., Woodroffe, C.D., 2016a. Spatial Variation in 
Carbon Storage: A Case Study for Currambene Creek, NSW, Australia. In: Vila-Concejo, 
A., Bruce, E., Kennedy, D.M., McCarroll, R.J., (eds.) Proceedings of the 14th 
International Coastal Symposium (Sydney, Australia). Journal of Coastal Research, 
Special Issue, 75, 1297-1301. 
 
  
Chapter 6: Surface soil carbon storage 
146 
6.1 Introduction 
Saline coastal wetlands, particularly mangrove and saltmarsh, are globally recognised as 
valuable sinks of organic carbon (Chmura et al., 2003; Barbier et al., 2011; Alongi, 2014; 
Lee et al., 2014). These environments may be used to offset anthropogenic carbon 
emissions by sequestering atmospheric carbon in plant biomass and subsequently into 
substrates (Duarte et al., 2005; Lovelock et al., 2017; Twilley et al., 2017). Mangrove and 
saltmarsh sustain the highest rates of carbon sequestration per unit area than all other 
natural ecosystems, primarily due to environmental conditions conducive to preservation 
of organic carbon (Chmura et al., 2003; McLeod et al., 2011; Fourqurean et al., 2012; 
Duarte et al., 2013). Saline waterlogged conditions, induced primarily by tidal forcing, 
inhibit aerobic microbial breakdown limiting the release of greenhouse gases to the 
atmosphere (Kristensen et al., 2008; Dise, 2009; Fourqurean et al., 2012). Additionally, 
mangrove and saltmarsh vegetation can build elevation by vertical accretion of substrates, 
primarily through below-ground organic matter additions from roots (autochthonous) as 
well as mineral contributions moved by tidal processes (allochthonous), facilitating 
continual burial of organic matter (Hansen and Nestlerode, 2013; Lovelock et al., 2013; 
Saintilan et al., 2013; Kelleway et al., 2016, 2017b). 
Carbon additions to surface sediment (i.e. upper 30 cm) are primarily sourced from 
current vegetation. These additions vary with vegetation distribution, influenced by 
different rates of primary productivity, biomass allocation in roots, and allochthonous 
inputs (Lovelock, 2008; Mcleod et al., 2011; Saintilan et al., 2013; Kelleway et al., 
2017b). Total soil carbon storage reflects carbon additions and is mediated by carbon 
losses through decomposition, influenced by edaphic conditions (i.e. soil salinity and 
anoxia) as a result of the interaction between tides, freshwater contributions and 
underlying geomorphology. Both vegetation distribution and edaphic conditions 
influence surface soil carbon storage, likely different to influences on carbon storage in 
deeper sediments, beyond the rooting zone of current vegetation, where modern additions 
no longer occur (Choi et al., 2001; Bianchi et al., 2013; Hayes et al., 2017). Deeper carbon 
storage has accumulated over millennia and therefore may reflect previous vegetation 
additions, as well as significant losses over this time, occurring in prior landscapes that 
existed under different conditions of relative sea level (Rogers et al., 2018, in review). In 
addition, decomposition of organic matter occurred under conditions that also no longer 
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exist and are not likely to be related to processes operating at the wetland surface (Xiong 
et al., 2018). 
Vegetation distribution reflects position in the tidal frame. Distribution of mangrove and 
saltmarsh vary with effects of tidal inundation that influence edaphic factors such as soil 
salinity, anoxia, and nutrient availability (Chen and Twilley, 1999; Feller et al., 2010; 
Adame and Lovelock, 2011; Rogers et al., 2017a). Environmental gradients in edaphic 
factors influence mangrove and saltmarsh structure (Lugo and Snedaker, 1974; Clarke, 
1993; Twilley et al., 1999; Adam, 2002; Castañeda-Moya et al., 2013), often resulting in 
defined zones broadly associated with tidal inundation (Mitchell and Adam, 1989; 
Woodroffe, 2003; Rogers et al., 2017a). In southeast Australia, where mangrove and 
saltmarsh co-exist, the interaction of tides and freshwater contributions with underlying 
geomorphology results in complex distribution of vegetation communities. Mangroves 
typically occur lower within the tidal frame, colonising extensive areas from 
approximately mean sea level to areas that are frequently inundated in the upper intertidal. 
Saltmarsh occupy higher intertidal areas, occurring up to the limits of highest 
astronomical tides, where upland terrestrial environments fringe the saltmarsh such as 
Melaleuca or Casuarina forests (Adam, 2002; Saintilan, 2009a). 
Inundation is therefore an important influence on surface soil carbon storage (i.e. upper 
30 cm), affecting carbon additions through vegetation distribution, as well as carbon 
losses by decomposition (Chmura et al., 2003; Kayranli et al., 2009; Mitsch et al., 2013; 
Saintilan et al., 2013). Edaphic factors are spatially explicit, influenced primarily by 
inundation (Krauss et al., 2006; White and Reddy, 2009; Adame et al., 2013; Twilley et 
al., 2017). Where inundation is regular, decomposition is reduced, however where 
inundation is less frequent and only inundated for short periods of time, decomposition is 
enhanced (Bridgham and Lamberti, 2009; Dise, 2009; Verhoeven, 2009). Likewise, 
carbon additions are generally greater in areas frequently inundated compared to areas 
with irregular or less frequent inundation (Lovelock et al., 2013; MacKenzie et al., 2016; 
Morris et al., 2016). Mangrove, occupying areas lower in the intertidal, have higher rates 
of primary productivity than saltmarsh, likely influencing higher carbon additions to 
surface sediments (Bernal and Mitsch, 2008; Adame et al., 2013, Alongi, 2014). 
Additionally, carbon additions from allochthonous material are controlled by tidal 
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inundation whereby areas frequently inundated have higher rates of sedimentation than 
areas higher in the intertidal (Chmura et al., 2001; Chmura and Hung, 2004; Krauss et al., 
2008; Rogers and Saintilan, 2008; Rogers et al., 2014; MacKenzie et al., 2016). Structural 
variation in mangrove and saltmarsh vegetation, such as lateral root structures and shoot 
density of different species, will influence retention of tidally-borne allochthonous 
material (Lovelock et al., 2010, 2013; Saintilan et al., 2013; Kelleway et al., 2017b). 
Sedimentary controls (i.e. grain size, bulk density) on carbon content within a wetland 
likely mediate some of the variability in carbon storage between sites (i.e. vegetation 
distribution and inundation) (Kelleway et al., 2016; Morris et al., 2016; Xiong et al., 
2018). Finer sediment grain size and lower bulk density have been shown to favour carbon 
additions, limiting decomposition by mechanisms that restrict microbial access to organic 
matter (Six et al., 2002; Dungait et al., 2012; Xiong et al., 2018). In this way, sediment 
characteristics can enhance preservation or exacerbate decomposition of carbon 
associated with position in the intertidal. This is evident across geomorphic units within 
an estuary. Fluvial areas, characteristic of fine grained sediment, have higher carbon 
storage than marine-dominated areas, despite variation in vegetation composition 
(Kelleway et al., 2016; Hayes et al., 2017; Macreadie et al., 2017b). The variability 
associated with sedimentary factors, together with vegetation structure reflecting the 
influence of tides, freshwater contributions and underlying geomorphology, may describe 
variation of carbon additions and losses at greater accuracy than broad vegetation units 
(i.e. mangrove and saltmarsh). This, in part, has recently been suggested to describe 
global patterns of soil carbon (Rovai et al., 2018), challenging previous assumptions of 
climate as the primary driver of carbon storage (Twilley et al., 1992; Chmura et al., 2003; 
Sanders et al., 2016; Atwood et al., 2017). 
Carbon off-setting initiatives such as REDD+ and Australia’s ERF require carbon storage 
assessments that optimise efficiency and accuracy (Gibbs et al., 2007). Assessments must 
capture spatial variation associated with carbon storage to provide robust estimates on 
carbon mitigation services of natural ecosystems (Kelleway et al., 2017c). The IPCC 
outlines tiers of assessment regarding anthropogenic greenhouse gas emissions and 
removals associated with soil carbon storage (see section 2.4.5). Despite being recognised 
in the IPCC advice, current sampling approaches and reporting do not adequately account 
Chapter 6: Surface soil carbon storage 
149 
for variability of carbon storage within a wetland (i.e. Kauffman and Donato, 2012; 
Howard et al., 2014). Accurate quantification of carbon additions and bulk carbon storage 
is important to ensure variability is being accounted for so comparisons between sites are 
comprehensive, as recommended in the Verified Carbon Standard (VCS, 2013, 2014, 
2015).  
The aim of this study was to explore the variation in surface soil carbon storage (i.e. upper 
30 cm) across an intertidal gradient using a stratified sampling approach that recognises 
vegetation structure. Current vegetation is the primary source of carbon additions to 
surface soil carbon storage, yet vegetation distribution and structure broadly reflect the 
influence of edaphic conditions. In addition, decomposition is influenced by edaphic 
factors that are influenced by the interaction of tides and freshwater contributions with 
underlying geomorphology. Using bulk soil carbon storage as a combined measure of the 
influence of inundation on both additions and decomposition of carbon within substrates, 
it is hypothesised that soil carbon storage can be characterised on the basis of vegetation 
structure, as both of these factors are correlated. The specific objectives of this study were 
to: 
1. Develop spatially explicit models that can be used to interpret vegetation 
distribution in the landscape 
2. Characterise surface soil carbon storage (i.e. upper 30 cm) on the basis of 
vegetation distribution, accounting for the variation in vegetation structure 
3. Establish relationships between vegetation distribution and structure, and surface 
soil carbon storage 
Spatial variation in carbon storage can be significant yet current approaches to assessing 
soil carbon storage do not recognise this variability. These approaches typically 
differentiate coastal wetland vegetation into either mangrove or saltmarsh (Kauffman and 
Donato, 2012; Howard et al., 2014). Existing literature demonstrates that there is 
significant variation in carbon storage within these units (e.g. Adame et al., 2013; 
Lovelock et al., 2013; Saintilan et al., 2013; Rahman et al., 2015; Kelleway et al., 2016; 
Hayes et al., 2017; Ellison and Beasy, 2018), however current sampling protocols do not 
adequately address the variation in carbon storage within a broader vegetation unit (IPCC, 
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2014). Refinement of techniques to account for this will improve carbon storage estimates 
and provide greater accuracy in estimates while optimising efficiency. The intent of this 
study was to apply a new stratified sampling approach that improves soil carbon storage 
estimates, providing the confidence necessary for carbon accounting required as part of 
carbon off-setting initiatives and national carbon accounts. 
6.2 Methods 
6.2.1 Study area 
Southeast Australia is a wave-dominated coastline (Sloss et al., 2007). High wave energy 
at the coast restricts coastal wetlands to estuaries where barrier development creates 
hydrodynamic conditions suitable for sediment deposition and, when substrate elevations 
are optimal, wetland vegetation will establish and thrive (Roy et al., 2001). The temperate 
climate of southeast Australia supports mangrove and saltmarsh communities which co-
occur along intertidal shorelines (Adam, 1990). This coastline has a semi-diurnal tide 
regime, with a maximum tidal range of approximately 2 m. Mangroves typically occur 
lower within the tidal frame, while saltmarsh occupies higher intertidal areas. An ecotone 
is often present between mangrove and saltmarsh in southeast Australia, demonstrating a 
continuum of vegetation distribution across the intertidal due to complex interactions 
between hydrology and underlying substrates that give rise to spatially variable edaphic 
factors (Saintilan and Williams, 1999; Kelleway et al., 2015). Avicennia marina is the 
dominant mangrove species in southeast Australia, however Aegiceras corniculatum is 
also present. Saltmarsh species commonly present in the region are Sporobolus 
virginicus, Samolus repens, Juncus kraussii and Sarcocornia quinqueflora, as well as the 
brackish reed Phragmites australis (Adam et al., 1988; Clarke, 1993; Sainty et al., 2012). 
Casuarina glauca woodlands are also extensive beyond the tidal limit, however small 
patches can be present within the wetland extent in areas of higher elevation (Clark and 
Allaway, 1996). 
Several dominant structural forms of mangrove and saltmarsh occur in this region 
(Chapter 3). Tall mangrove were typically 3 m to 8 m in height with a DBH greater than 
15 cm. Shrub mangrove were typically 1.3 m to 3 m in height with a DBH less than 15 
cm. Dwarf mangrove were typically less than 1.3 m in height (Table 3.2). Avicennia 
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marina were present in all three dominant structural forms, however Aegiceras 
corniculatum typically have smaller stature with heights less than 3 m and were only 
present in dwarf mangrove structural form. Saltmarsh structural forms include reed 
(Phragmites australis), rush (Juncus kraussii), and herbs, grasses and sedges (HGS), 
inclusive of Sporobolus virginicus, Samolus repens and Sarcocornia quinqueflora. 
Ecotone communities comprised of mixed areas where mangrove and saltmarsh co-exist, 
however were also present as sparse vegetation growth often on sandy substrate.  
Two barrier estuaries were selected in this study region, Minnamurra River (150°50’ E 
34°38’ S) and Currambene Creek (150°40’ E 35°01’ S), displaying common 
characteristics of coastal wetlands in southeast Australia, having similar vegetation 
complexity and edaphic conditions with considerable allochthonous sediment input 
(Saintilan et al., 2013). 
6.2.2 Spatially explicit models 
Spatially explicit models were developed to interpret vegetation position in the landscape. 
These models were derived using airborne Lidar data: a digital elevation model (DEM), 
and hydrological distance to water model (HDM), a spatial model representing distance 
to water across each study site. Lidar data were collected using an ALS50-II airborne 
sensor between December 2010 and April 2011, with a footprint size of 0.62 m2, and 
accuracy of 0.8 m horizontal and 0.3 m vertical (Table 3.1). The developed DEM and 
subsequent HDM were processed to 1 m spatial resolution. 
Initially a DEM was derived from the Lidar data using only ground returns. Although 
Lidar is regarded as highly accurate for modelling topographic surfaces, recent studies 
have indicated the inability of Lidar to penetrate dense vegetation canopies, resulting in 
topographic surfaces that overestimate elevation (Lefsky et al., 2002; Kuenzer et al., 
2011; Schmid et al., 2011). This being considered, the DEM was corrected reducing each 
vegetation structural form by a mean elevation value for each study site (Appendix D). 
This was determined by an extensive ground-truth campaign between December 2014 
and January 2015 at both sites using a RTK GPS (error, horizontal 0.008 m vertical 0.015 
m) across the landscape in all vegetation structural forms. Ground-truthed elevations were 
recorded at both Minnamurra River (n = 134) and Currambene Creek (n = 148). To correct 
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the DEM each vegetation structural form was delineated (Chapter 3) and elevation for 
each structural form reduced by the calculated mean value (e.g. for shrub mangrove at 
Currambene Creek, 0.14 m was subtracted from all shrub mangrove DEM values). 
A HDM was produced for both sites using the corrected DEM. The hydrology toolset in 
ArcGIS 10.2 (ESRI, 2018) was used to determine flow length to the nearest river or creek. 
All permanently inundated areas were delineated and areas where known obstructions to 
tidal flow occurred (i.e. levee) were corrected to ensure the most accurate model could be 
produced. 
6.2.3 Vegetation distribution in the landscape 
To interpret vegetation distribution in the landscape, two-way ANOVA was used to test 
for significant differences between vegetation distribution, elevation (E) (AHD m) from 
the DEM, and hydrological distance to water (DH) (m) from the HDM. Post hoc Tukeys 
HSD was performed to identify significant differences between vegetation distribution, E 
and DH (i.e. mangrove and saltmarsh and their structural forms). All statistical tests 
completed in this study were undertaken in JMP Version 11 (SAS Institute Inc., Cary, 
NC, USA) and carried out using a 0.05 level of significance. 
6.2.4 Surface carbon storage 
Sediment cores were collected at each site in each vegetation structural form to quantify 
sediment characteristics and carbon storage. Replicate cores within each vegetation 
structural form were collected where possible at each site (Figure 6.1). A total of eleven 
(11) cores were collected at Minnamurra River and twelve (12) cores at Currambene 
Creek. Sediment cores were collected using an aluminium pipe with a 75 mm diameter 
and a sharpened edge to cut through root material. Compaction of sediments was 
determined for each core by measuring the length of sample recovery and length of the 
core penetration (Howard et al., 2014). Sediment cores were recovered for the active root 
zone, upper 30 cm of the soil profile. Recovered cores were taken back to the laboratory 
and kept at 4°C in a temperature-controlled facility until analysis. Elevation above MSL 
was recorded for each core location using a RTK GPS and these locations were used to 
extract DH values for each core based on the HDM. Vegetation structural form at each 
core location was recorded and vegetation biomass samples were collected. 
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Figure 6.1 Location of recovered soil cores for selected study sites Minnamurra River (left) and Currambene 
Creek (right) in southeast Australia. For map showing location within national and regional context see 
Figure 3.2. Data source: Imagery © Land and Property Information [2009]. 
Sediment cores were split longitudinally in half and sub-samples collected at 0-2 cm, 2-
4 cm, 5-6 cm, 10-11 cm, 15-16 cm, 20-21 cm, 25-26 cm, and 30-31 cm. Grain size (µm) 
was analysed for each sample using a Malvern Mastersizer 2000 laser diffractometer. To 
determine soil dry bulk density (g cm-3), samples were oven dried to constant mass at 
60°C. Dry sample weight was determined and bulk density (BD) was estimated as the 
ratio between the dry sample weight (g) and the wet sample volume (cm3). Each sample 
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was then homogenised by grinding to a fine powder using a Retsch three-dimensional 
Vibrator Mill (Type-MM-2:Haan, Germany). A small amount of each sample (1-2 g) was 
acidified to remove carbonate material by adding 0.1 M hydrochloric acid. Samples were 
then centrifuged and rinsed with Milli-Q water to remove remaining acid in sediments, 
dried to constant mass at 60°C, and ground to a fine powder with mortar and pestle. 
Samples were pelletised and analysed for carbon content (% C). 
Soil carbon density (C g cm-3) was estimated by multiplying bulk density (g cm-3) and 
carbon content (% C). Soil carbon storage (Mg C) for each sediment core was estimated 
by fitting a linear model between each soil sub-sample and aggregating each centimetre 
interval. Depth intervals were corrected for compaction using the correction factor 
calculated for each core. Replicate cores for each vegetation structural form were used to 
estimate average soil carbon storage (Mg C ha-1 ± SE). 
Two-way ANOVA was used to establish relationships between grain size, bulk density 
and carbon content. One-way ANOVA was then used to test for significant differences 
between sediment characteristics (i.e. grain size, BD, % C) and vegetation distribution. 
Post hoc Tukeys HSD was performed to test for significant differences between mangrove 
and saltmarsh and their structural forms. On the basis of this analysis, significant 
differences between carbon storage (Mg C) and vegetation distribution were identified 
using one-way ANOVA. 
6.2.5 Stable carbon isotopes 
Stable carbon isotope analysis (δ13C) was undertaken on sediment samples to identify 
source of carbon additions. Samples were dried to a constant mass at 60°C, ground to a 
fine powder, pelletised, and analysed for stable isotopes of carbon using a continuous 
flow isotope ratio mass spectrometer (CF-IRMS) following Mazumder et al. (2010). To 
aid interpretation of carbon isotope signatures in soil carbon, stable carbon isotope 
analysis was also undertaken on vegetation biomass. Vegetation δ13C was determined for 
Avicennia marina and Aegiceras corniculatum (trunk, branch, leaves, pneumatophores), 
Casuarina glauca (branch, leaves) and shoot material of Sporobolus virginicus, Juncus 
kraussii, Sarcocornia quinqueflora, Samolus Repens and Phargmites australis. One-way 
Chapter 6: Surface soil carbon storage 
155 
ANOVA was used to test for significant differences between carbon stable isotopes of 
vegetation biomass and soil carbon. 
6.3 Results 
6.3.1 Spatially explicit models 
A corrected DEM and HDM were developed for both Minnamurra River (Figure 6.2) and 
Currambene Creek (Figure 6.3). DH increased with increasing E for both sites (p < 
0.0001), however these relationships were weak (Minnamurra River r2 = 0.01, 
Currambene Creek, r2 = 0.16), as demonstrated by the spatial complexity of the HDM at 
both sites. 
6.3.2 Vegetation distribution in the landscape 
Vegetation distribution in the landscape was associated with E and DH. Vegetation 
distribution varied on the basis of E (p < 0.0001), DH (p < 0.0001) and the interaction of 
these effects (E x DH p < 0.0001). Saltmarsh mean E and DH (E = 0.69 m, DH = 236 m) 
was greater than mangrove (E = 0.36 m, DH = 170 m) (Figure 6.4a, c). Ecotone 
communities had the smallest elevation range (E 25th percentile = 0.53 m, E 75th 
percentile = 0.64 m) however had the greatest DH range (DH 25th percentile = 86 m, DH 
75th percentile = 412 m). Casuarina had a DH range similar to saltmarsh, however was 
distributed at higher elevations. Mangrove structural forms were significantly different 
(tall E = 0.31 m, DH = 102 m; shrub E = 0.36 m, DH = 214 m; dwarf E = 0.45 m, DH = 
231 m) (p < 0.0001) however both mixed and sparse vegetation DH were not significantly 
different (E p < 0.0001, DH p = 0.8610), as was the case with saltmarsh structural forms 
HGS and rush (E p < 0.0001, DH p = 0.9932) (Figure 6.4b, d). 
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Figure 6.2 Spatially explicit models for Minnamurra River. Corrected digital elevation model (left) and 
hydrological distance to water model (right). Data source: Imagery © Land and Property Information 
[2009]. 
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Figure 6.3 Spatially explicit models for Currambene Creek. Corrected digital elevation model (left) and 
hydrological distance to water model (right). Data source: Imagery © Land and Property Information 
[2009]. 
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Figure 6.4 Box plots showing elevation variation for a) vegetation community and b) vegetation structural 
form as well as hydrological distance to water for c) vegetation community and d) vegetation structural 
form. Horizontal line inside box indicates median, cross indicates mean, the box indicates 25th and 75th 
percentiles and whiskers indicate maxima and minima. DH; hydrological distance to water. HGS; herbs, 
grasses and sedges. 
6.3.3 Surface carbon storage 
Bulk density was positively correlated with grain size however the relationship was weak 
(r2 = 0.21, p < 0.0001) (Figure 6.5a). Carbon content and bulk density were highly 
correlated, where decreasing bulk density corresponded to exponential increase in carbon 
content (r2 = 0.82, p < 0.0001) (Figure 6.5c). Increase in carbon content also corresponded 
to decreasing grain size, however this relationship was weak (r2 = 0.22, p < 0.0001) 
(Figure 6.5b). Two-way ANOVA verified that carbon content was related to bulk density 
and grain size (r2 = 0.83, p < 0.0001) (Figure 6.5d), however the interaction of these 
effects was not significant (p = 0.0664). 
Chapter 6: Surface soil carbon storage 
159 
 
Figure 6.5 Relationships between surface sediment characteristics a) grain size and bulk density (BD), b) 
log carbon content (% C) and grain size, and c) log carbon content and bulk density. d) Model output for 
observed carbon content and estimated carbon content based on two-way ANOVA where bulk density and 
grain size can describe carbon content.  
Bulk density and carbon content varied on the basis of vegetation distribution (p < 0.0001) 
(Figure 6.6a). Mangrove bulk density was significantly lower than both saltmarsh and 
ecotone vegetation (p < 0.0001) however not significantly different from Casuarina (p = 
0.2922). Conversely, carbon content of saltmarsh and ecotone vegetation was 
significantly lower than mangrove (p < 0.01) and Casuarina (p < 0.0001) (Figure 6.6c). 
Although bulk density and carbon content of mangrove structural forms (i.e. tall, shrub, 
dwarf) were similar, significant differences were observed for saltmarsh structural forms 
(Figure 6.6b, d). Reed saltmarsh had significantly greater carbon content and lower bulk 
density than HGS saltmarsh (p < 0.05), however reed saltmarsh was not significantly 
different to rush saltmarsh (p > 0.05). 
Grain size was similar between mangrove and saltmarsh vegetation (Figure 6.6e). 
Differences in mean grain size between mangrove structural forms (i.e. tall, shrub, dwarf) 
and ecotone vegetation (i.e. mixed and sparse vegetation) were insignificant (p > 0.05), 
however significant differences were detected for saltmarsh structural forms (Figure 
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6.6f). HGS saltmarsh had significantly greater mean grain size than rush (p = 0.0023) and 
reed (p = 0.0009) saltmarsh. 
 
Figure 6.6 Box plots showing sediment characteristics bulk density (BD) for a) vegetation community and 
b) vegetation structural form, carbon content (% C) for c) vegetation community and d) vegetation structure, 
and mean grain size for e) vegetation community and f) vegetation structure. Horizontal line inside box 
indicates median, cross indicates mean, the box indicates 25th and 75th percentiles and whiskers indicate 
maxima and minima. HGS; herbs, grasses and sedges. All core sample data presented in Appendix D. 
Surface soil carbon storage varied on the basis of vegetation distribution (p = 0.0444). 
Soil carbon storage was highest for Casuarina (91.09 Mg C ha-1) followed by mangrove 
(63.13 ± 4.04 Mg C ha-1) which was greater than both saltmarsh (43.50 ± 7.90 Mg C ha-
1) and ecotone (44.07 ± 10.95 Mg C ha-1) (Figure 6.7a). Saltmarsh soil carbon storage 
was significantly different from mangrove (p = 0.0473) and Casuarina (p = 0.0279), 
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however saltmarsh and ecotone communities were not significantly different from each 
other (p = 0.9624). Carbon storage of mangrove structural forms (i.e. tall, shrub, dwarf) 
were similar, however significant differences were detected between saltmarsh structural 
forms (Figure 6.7b). Reed saltmarsh was significantly different from HGS saltmarsh (p = 
0.0285), however reed saltmarsh was not significantly different from rush saltmarsh (p = 
0.0834).  
 
Figure 6.7 Average carbon storage for a) vegetation community and b) vegetation structural form. Error 
bars represent standard error. Where no error bar present only one sediment core was collected. HGS; herbs, 
grasses and sedges. 
6.3.4 Stable carbon isotopes 
Stable carbon isotopes (δ13C) in sediment varied on the basis of vegetation distribution. 
Mangrove were significantly different to saltmarsh and ecotone vegetation (p < 0.0001) 
(Figure 6.8a). These differences were explained by vegetation structural form where HGS 
saltmarsh and sparse vegetation structures had similar isotopic ratios (p = 0.6706) 
however were significantly different to all other structural forms (p < 0.05) (Figure 6.8b). 
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Figure 6.8 Box plots showing stable carbon isotopes (δ13C) for a) vegetation community and b) vegetation 
structure. Horizontal line inside box indicates median, cross indicates mean, the box indicates 25th and 75th 
percentiles and whiskers indicate maxima and minima. HGS; herbs, grasses and sedges. All core sample 
data presented in Appendix D. 
All vegetation biomass in the study area, with the exception of Sporobolus virginicus, 
exhibited a depleted signature associated with C3 photosynthetic pathway (-35% to -20%; 
Smith and Epstein, 1971; Fry, 2006; Kuzyakov, 2006) (Table 6.1).  Stable carbon isotopes 
of C3 vegetation biomass, Avicennia marina, Aegiceras corniculatum, Samolus repens, 
Juncus kraussii, Sarcocornia quinqueflora, Phragmites australis, Casuarina glauca, 
were not significantly different (p = 0.3625). Sporobolus virginicus biomass samples 
were relatively enriched (-15.2 ± 0.25%), exhibiting a stable carbon isotope signature 
associated with the C4 photosynthetic pathway (-19% to -6%; Smith and Epstein, 1971; 
Fry, 2006; Kuzyakov, 2006), significantly different to C3 vegetation biomass (p < 
0.0001). 
Soil carbon isotope signatures for mangrove (-25.4 ± 0.08%) were similar to mangrove 
biomass samples (-27.0 ± 0.28%). For saltmarsh, soil carbon isotope signatures were 
similar to Samolus repens, Juncus kraussii, Sarcocornia quinqueflora, Phragmites 
australis biomass. Sporobolus virginicus biomass was significantly different to saltmarsh 
soil carbon isotope signatures (p = 0.0138), however was similar to HGS (p = 0.2044) 
and sparse vegetation (p = 0.1777) structural forms.  
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Table 6.1 Stable carbon isotopes (δ13C) for mangrove and saltmarsh biomass at study sites. SE; standard 
error. *indicates only one sample for vegetation. 
Mangrove Compartment δ13C ± SE Saltmarsh (shoot) δ13C ± SE 
Avicennia 
marina 
Trunk -24.8 ± 0.59 Sporobolus virginicus -15.2 ± 0.25 
Branch -27.0 ± 0.48 Samolus repens -29.0 ± 0.04 
Leaves -27.5 ± 0.46 Juncus kraussii -26.5 ± 0.51 
Pneumatophore -27.6 ± 0.74 Sarcocornia quinqueflora -26.4 ± 0.13 
Aegiceras 
corniculatum 
Trunk -26.9 ± 0.31 Phragmites australis* -26.7 
Branch -27.6 ± 0.27   
Leaves -27.9 ± 0.09 Casuarina glauca (branch)* -27.5 
Pneumatophore not measured Casuarina glauca (leaves)* -28.1 
 
6.4 Discussion 
6.4.1 Synthesis of results 
This study found that variation of carbon storage within a wetland can be described by 
vegetation distribution and structure, and sedimentary influences on soil carbon content. 
Carbon content varied on the basis of bulk density and grain size, where finer grain size 
creates conditions for greater carbon content and low bulk density (Baldock et al., 2004; 
Kelleway et al., 2016; Xiong et al., 2018). In addition, sedimentary controls on carbon 
content are influenced by vegetation distribution. For mangrove, variability of carbon 
content associated with vegetation structural form was negligible for the upper 30 cm, 
however a significant difference in carbon content was determined for structural forms of 
saltmarsh. Vegetation distribution and structure, and sedimentary influences on carbon 
content determined surface soil carbon storage, suggesting that previous environmental 
conditions must be considered when quantifying carbon storage in deeper sediment. It is 
proposed that previous environmental conditions can be identified using stable carbon 
isotopes as indicators of prior vegetation distribution. Combined with suitable mapping 
to identify within site variability of modern carbon additions, this will improve carbon 
storage estimates and provide the confidence necessary for national carbon accounts. 
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6.4.2 Vegetation distribution in the landscape 
Vegetation distribution in the landscape was described in this study by the interaction 
between elevation and hydrological distance to water. Elevation has been widely used to 
explain inundation dynamics and vegetation distribution of mangrove and saltmarsh 
(Rogers et al., 2006; Hickey and Bruce, 2010; Crase et al., 2013; Murray-Hudson et al., 
2014; Spier et al., 2016; Leong et al., 2018), however its capacity as a proxy of inundation 
patterns is limited. Flooding across intertidal areas is spatially variable, influenced by 
microtopography, groundwater, surface friction and porosity of sediment, as well as tidal 
forcing (Cahoon and Reed, 1995; Chmura et al., 2001; Costa et al., 2003; Krauss et al., 
2008, 2013). Results in this study demonstrate that describing inundation dynamics using 
only elevation can lead to weak relationships between elevation and vegetation 
distribution. For example, 25% of mangrove vegetation occupied elevations above 0.52 
m AHD, with some occurring in areas almost at tidal limits, typical of elevations 
associated with saltmarsh distribution. However, mangrove occupying elevations above 
0.52 m generally coincided with considerably short hydrological distance to water, 
suggesting that they may be regularly inundated or able to access groundwater sources 
that are nearer to surface substrates at channel margins. Smaller tidal ranges mean that 
changes in inundation patterns occur over narrower ranges of elevation (Roy et al., 2001; 
Woodroffe, 2003). Describing inundation patterns and vegetation distribution using only 
elevation may be suitable in some macrotidal systems, particularly where extensive 
intertidal habitat has simplified hydrology and clear zonation of vegetation (Allen, 2000; 
Krauss et al., 2013), however these patterns are not easily resolved for microtidal systems 
(Hanslow et al., 2018). 
6.4.3 Sedimentary control on carbon content 
Carbon content in this study varied on the basis of bulk density and grain size. Higher 
carbon content was associated with lower bulk density and smaller grain size, consistent 
with other studies (Baldock et al., 2004; Saintilan et al., 2013; Kelleway et al., 2016; 
Hayes et al., 2017; van Ardenne et al., 2018; Xiong et al., 2018). Grain size has been 
suggested to be a key control on sediment carbon content (Kelleway et al., 2016; Xiong 
et al., 2018). Grain size indicates pore space, which, when unsaturated, facilitates 
decomposition of organic matter due to oxygen exchange (Yang et al., 2008; Dise, 2009). 
Smaller grain size has lower porosity, reducing oxygen exchange, and limiting 
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decomposition (Hedges and Keil, 1995; Kelleway et al., 2016). This creates conditions 
for greater carbon content or lower bulk density, or a combination of both (Avnimelech 
et al., 2001; Morris et al., 2016). Bulk density indicates the mass of sediment where 
greater mass correlates with greater grain size and therefore less total grains. Greater bulk 
density reduces carbon content due to lower specific surface area of coarse sediments, as 
well as less total grains, reducing organo-mineral interaction (Bock and Mayer, 2000; 
Burdige, 2007). However, sedimentary controls on carbon content are not an isolated 
interaction, influenced by edaphic conditions along environmental gradients that effect 
carbon additions and rates of decomposition. Where inundation is limited or irregular, 
decomposition in surface sediment is greater (Lewis et al., 2014), and this would be 
exacerbated by coarse grain size and high bulk density. Sedimentary controls and their 
interactions will likely mediate variability in carbon content and storage within and 
between sites (Kelleway et al., 2016). 
6.4.4 Influence of vegetation on carbon content 
Carbon content varied in the landscape on the basis of vegetation distribution. Greater 
carbon content and lower bulk density was found for areas more frequently inundated 
(i.e. mangrove) than areas in the intertidal that receive irregular or limited flooding (i.e. 
saltmarsh, ecotone). Casuarina exhibited fine grained substrate with the highest carbon 
content of all vegetation, likely due to carbon additions at the surface from processes 
operating above the tidal limits (Clarke and Allaway, 1996; Goel and Behl, 2005). Similar 
to the way that mangrove can maintain their position within the tidal frame by adding 
organic matter to substrates (Rogers and Saintilan, 2008; Krauss et al., 2013; Alongi, 
2014), these additions may be a function of vegetation adaptations to remain outside 
zones of inundation. Furthermore, higher carbon content of mangrove and Casuarina 
vegetation may be due to higher autochthonous organic matter input compared to 
saltmarsh vegetation (Saintilan et al., 2013), facilitated by greater root concentration 
associated with large woody vegetation (Alongi, 2012; Xiong et al., 2018).  
Biomass partitioning is traditionally presumed to be proportional between above-ground 
and below-ground components (Tomlinson, 1986; Saenger, 2002). That is, when above-
ground biomass is higher, below-ground biomass is also considered to be greater 
(Saintilan, 1997a, b; Castillo et al., 2008; Bulmer et al., 2016a, b); an essential 
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requirement for structural integrity of vegetation, particularly in saturated soils 
(Hutchings and Saenger, 1987). However, this presumption was not evident in the 
analysis of carbon content and bulk density of mangrove structural forms (i.e. tall, shrub, 
dwarf), where differences between structural forms were not significant despite 
substantial variation in above-ground biomass (Chapter 4). This is likely due to the 
restricted depth of analysis in this study, which only describes carbon content of the 
surface sediment (i.e. 30 cm). All mangrove structural forms have roots in this depth 
range, however rooting depths of tall and shrub structural forms are likely greater than 
stunted dwarf mangrove (Lugo and Snedaker, 1974; Woodroffe, 1992; Saenger, 2002; 
Castañeda-Moya et al., 2011; Rahman et al., 2015). As a result, differences in carbon 
storage of structural forms may be markedly different at increased sediment depths 
(Rahman et al., 2015; Atwood et al., 2017; Marchand, 2017; Twilley et al., 2017). 
Surface sediment characteristics in this study demonstrate variability between sites for 
mangrove across southeast Australia. Mean bulk density (0.53 ± 0.02 g cm-3) and carbon 
content (5.4 ± 0.46 % C) of mangrove surface sediment in this study were similar to 
previous studies in southeast Australia (BD = 0.54 g cm-3, Howe et al., 2009; BD = 0.76 
± 0.02 g cm-3, Hayes et al., 2017) (% C = 8.0 ± 6.3, Saintilan et al., 2013; % C = 3.39 ± 
0.2, Hayes et al., 2017). Variance between these values may be accounted for by 
sedimentary controls on carbon within a site, however it is unclear from these studies if 
measurements were taken in tall, shrub, or dwarf mangrove forests. Nevertheless, surface 
sediment characteristics of mangrove structural forms were similar in this study, 
suggesting variability between sites may be limited for mangrove vegetation, although 
this may be more evident at increased sediments depths. 
This study demonstrates that variability within saltmarsh at a site can be substantial, and 
may even be greater than the variation reported between sites for saltmarsh more broadly. 
HGS saltmarsh, consisting of Sporobolus virginicus, Samolus repens and Sarcocornia 
quinqueflora, had lower carbon content and higher bulk density than rush (Juncus 
kraussii) and reed (Phragmites australis) saltmarsh. This may be due to rooting zone, 
where HGS roots do not extend as far as rush or reed saltmarsh, or greater capacity for 
rush and reed saltmarsh to incorporate above-ground biomass litter into sediment than 
HGS saltmarsh (Saintilan et al., 2013; Kelleway et al., 2016, 2017b). However, 
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distribution of saltmarsh structural forms across the intertidal zone suggests that edaphic 
factors, together with sedimentary controls, determine carbon additions and 
decomposition rates, demonstrating significant variability within a wetland and between 
sites. Comparisons between carbon content of saltmarsh in this study and previous studies 
in southeast Australia that do not account for the same degree of variability (i.e. structural 
form) will be fraught with errors. 
Spatial variation in carbon content and bulk density can be significant, as demonstrated 
in this study, however current sampling and reporting do not recognise this variability 
(i.e. Kauffman and Donato, 2012; Howard et al., 2014; IPCC, 2014). Existing literature 
demonstrates substantial variation of sedimentary characteristics within mangrove and 
saltmarsh (e.g. Chmura et al., 2003; Saintilan et al., 2013; Sanders et al., 2016; Macreadie 
et al., 2017b), yet do not adequately consider core location with respect to vegetation 
distribution in the landscape. For southeast Australia, vegetation structure can be used to 
indicate distribution in the landscape, allowing for comparisons between studies that 
account for the same variability. For example, rush saltmarsh (Juncus kraussii) in 
southeast Australia occupy areas with low accommodation space typically towards tidal 
limits. Saintilan et al. (2013) reports bulk density and carbon content for Juncus kraussii 
(BD = 0.36 g cm-3, % C = 12.6) which correspond to rush saltmarsh in this study (BD = 
0.64 ± 0.06 g cm-3, % C = 3.24 ± 0.72). Furthermore, variation in carbon content and bulk 
density for saltmarsh in this study (BD min = 0.21 cm-3, max = 1.22 g cm-3; % C min = 
0.4, max = 13.8) was comparable to variability for saltmarsh in New South Wales (BD 
min = 0.23 cm-3, max = 1.46 cm-3; % C min = 0.64, max = 20.43; Macreadie et al., 2017b), 
demonstrating equivalent variability within a wetland as between sites. Comparison of 
carbon content and bulk density for coastal wetland vegetation between different studies 
must account for variability within a wetland to ensure correct comparisons. 
6.4.5 Implications for carbon storage 
Surface soil carbon storage (i.e. upper 30 cm) of mangrove and saltmarsh in this study 
ranged from 20.51 Mg C ha-1 to 91.09 Mg C ha-1. Broadly, these ranges are consistent 
with surface carbon storage values reported for other coastal wetlands in temperate 
settings (Howe et al., 2009; Livesley and Andrusiak, 2012; Saintilan et al., 2013; Ewers 
Lewis et al., 2017; Ellison and Beasy, 2018), however much less than carbon storage 
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reported for tropical settings (Chmura et al., 2003; Donato et al., 2011; Murdiyarso et al., 
2015; Atwood et al., 2017). Global estimates of average mangrove and saltmarsh carbon 
storage were higher than results in this study (Chmura et al., 2003; Fourqurean et al., 
2012; Pendleton et al., 2012; Ouyang and Lee, 2014; Atwood et al., 2017), likely due to 
the underrepresentation of values from temperate coastal wetlands in average global 
estimates. Saltmarsh surface soil carbon storage (43.50 ± 7.90 Mg C ha-1) in this study 
was less than the average saltmarsh surface carbon storage reported for New South Wales 
(69.50 ± 3.33 Mg C ha-1) and Australia (77.92 ± 3.35 Mg C ha-1) (Macreadie et al., 2017b). 
This may be explained by geomorphic units within an estuary, specifically carbon storage 
estimated in fluvial areas is higher than carbon storage in marine dominated areas such 
as sites sampled in this study (Lovelock et al., 2013; Saintilan et al., 2013; Kelleway et 
al., 2016; Macreadie et al., 2017b). While similar vegetation additions may occur in both 
fluvial and marine areas, fluvial deltas are typically dominated by finer sediments, 
limiting decomposition by reduced oxygen exchange (Kelleway et al., 2016; Xiong et al., 
2018). 
There is increasing recognition that carbon storage dynamics are more complex, where 
global trends may not reflect variation at local and regional scales, particularly in 
temperate regions where mangrove and saltmarsh co-exist (Livesley and Andrusiak, 
2012; Saintilan et al., 2013; Ewers Lewis et al., 2017; Hayes et al., 2017). Results in this 
study demonstrate that vegetation distribution and sedimentary factors have significant 
influence on carbon content within a wetland and it follows that these factors will 
influence carbon storage. Surface soil carbon storage of mangrove (63.13 ± 4.04 Mg C 
ha-1) in this study was broadly similar to previously reported values for southeast 
Australia (94.20 Mg C ha-1, Howe et al., 2009; 47.4 Mg C ha-1, Livesley and Andrusiak, 
2012; 65.6 ± 4.17 Mg C ha-1, Ewers Lewis et al., 2017), where within site variability can 
be accounted for by sedimentary factors. However substantial variation was observed for 
saltmarsh (43.50 ± 7.90 Mg C ha-1) in this study compared to previous studies (129.72 
Mg C ha-1, Howe et al., 2009; 76.6 Mg C ha-1, Livesley and Andrusiak, 2012; 87.1 ± 4.90 
Mg C ha-1, Ewers Lewis et al., 2017). As previously demonstrated with sediment 
characteristics, this is due to within site variation associated with distribution of saltmarsh 
structural forms. 
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The intent of this study was to apply a new stratified sampling approach that improves 
overall estimates for soil carbon storage. Current sampling and reporting of carbon 
storage estimates focus on mangrove and saltmarsh vegetation, despite recognising 
significant variation within these units (Kauffman and Donato, 2012; Howard et al., 2014; 
IPCC, 2014). Results presented in this study demonstrate the importance of variability 
within a wetland associated with vegetation distribution and structure. It is proposed that 
assessments of soil carbon storage should account for vegetation structure when sampling 
and reporting of carbon storage estimates. This can be achieved most simply by 
delineating vegetation structural form using remote sensing (Chapter 3). Other high-
resolution approaches may further discriminate vegetation structure, by providing a 
continuous surface (e.g. Lidar) or enhancing discrete units of vegetation such as species 
level identification (e.g. hyperspectral imagery), enabling further improvements to 
capture spatial variability in carbon storage (Adam et al, 2009; Heumann, 2011b; Kuenzer 
et al., 2011; Klemas, 2013). This will provide greater confidence in carbon storage 
estimates while optimising efficiency and accuracy using state-of-the-art techniques. 
This study demonstrates that vegetation distribution and structure can describe variation 
in surface soil carbon storage (i.e. upper 30 cm). Deeper carbon storage, beyond the 
rooting zone of vegetation, likely does not reflect relationships established with current 
vegetation. This is because carbon content of deeper sediments is likely to have been 
contributed by previous vegetation at an earlier stage of wetland evolution (Choi et al., 
2001; Bianchi et al., 2013; Rogers et al., 2018, in review). When quantifying carbon 
storage in deeper sediment, previous environmental conditions must be considered to 
avoid incorrect attribution of carbon additions to current vegetation. Relationships 
established between carbon storage and vegetation distribution in previous research (i.e. 
carbon storage of mangrove and saltmarsh is similar) may be incorrect where previous 
environmental conditions associated with Holocene evolution have not been considered 
(Saintilan et al., 2013; Ewers Lewis et al., 2017; Hayes et al., 2017). 
It is proposed that previous environmental conditions, and previous vegetation 
distribution, can be described down core to characterise deeper carbon storage in the 
sediment profile. Relationships established in surface sediment can be used as indicators 
to decipher previous vegetation and associated carbon storage in deeper sediments. 
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Results in this study demonstrate that stable carbon isotope signatures in surface sediment 
reflect isotope signatures of vegetation biomass. Changes in isotopic signature in deeper 
sediments would likely indicate previous vegetation, reflecting previous environmental 
conditions. Changes in carbon source associated with vegetation from earlier evolution 
history has been demonstrated in previous research when reconstructing paleo 
environmental records (Choi et al., 2001; Wang et al., 2008; Wang et al., 2011; Bianchi 
et al., 2013). Spatial and temporal variability in carbon content may be resolved to some 
degree by describing previous environmental conditions down core. Combined with 
suitable mapping to identify variability of modern carbon additions within a wetland, this 
will improve carbon storage estimates and provide the confidence necessary for national 
carbon accounts. 
6.5 Conclusions 
This study applied a new stratified sampling approach to improve carbon storage 
assessments by establishing influences on carbon within a wetland. Surface soil carbon 
storage (i.e. upper 30 cm) was described by vegetation distribution and structure across 
the intertidal gradient, and sedimentary influences on carbon content. In particular, 
saltmarsh soil carbon storage varied significantly between structural form. Surface soil 
carbon storage of mangrove structural forms (i.e. tall, shrub, dwarf) was not significantly 
different, likely due to restricted depth of analysis where tall and shrub mangrove have 
extended root depth beyond the upper 30 cm. Nevertheless, sedimentary controls on 
carbon content demonstrated considerable influence on soil carbon storage within a 
wetland, suggesting that variation within a wetland is equivalent to variation between 
sites. Current sampling protocols do not adequately account for variability within a 
wetland, focusing on broad vegetation units, despite recognising significant variation 
within these units. Assessments of soil carbon storage should recognise vegetation 
structure when sampling and reporting carbon storage estimates. Furthermore, 
quantifying deeper soil carbon storage requires consideration of previous environmental 
conditions, as carbon in deeper sediment may not correspond to processes operating at 
the wetland surface. Stable carbon isotopes offer a mechanism to identify previous 
vegetation in sediment, associated with an earlier stage of wetland development, likely 
reflecting previous environmental conditions.
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7.1 Introduction 
Saline coastal wetlands are globally recognised as valuable sinks of organic carbon 
(Chmura et al., 2003; Duarte et al., 2005; Atwood et al., 2017). Carbon storage potential 
of mangrove and saltmarsh environments has been recognised for some time (Twilley et 
al., 1992), however widespread awareness has increased due to the need to counterbalance 
anthropogenic climate change (Chmura et al., 2003; Bouillon et al., 2008; Donato et al., 
2011; Mcleod et al., 2011; Fourqurean et al., 2012). In their synthesis of blue carbon 
ecosystems, Mcleod et al. (2011) recognise that knowledge of spatial and temporal 
variation of carbon in these ecosystems is limited, highlighting an important future 
research need. Over the duration of this PhD (2014 – 2018), research focussed on 
quantifying and characterising carbon in coastal wetlands has proliferated; over three 
thousand articles for ‘carbon’ and ‘wetland’ have been published in this period (Web of 
Science, 2018). Despite the increase in the number of carbon storage estimates, studies 
have not adequately considered variation within a wetland, which can be equivalent or 
even greater than variation between sites. This is particularly pronounced when using 
mean values associated with broad vegetation units. Approaches that describe variation 
at smaller spatial scales will improve accuracy of estimates, and this should be 
incorporated when extrapolating ground measured estimates to larger spatial extents (e.g. 
national, continental, global). 
The aim of this thesis was to demonstrate that spatial variation in vegetation structure can 
describe variation in above-ground biomass and surface soil carbon storage within a 
wetland. This thesis presents new methodologies using innovative techniques to improve 
approaches for estimating carbon storage within a wetland. Describing variation within a 
wetland enhances extrapolation to larger spatial scales, optimising efficiency and 
accuracy, to provide greater confidence in carbon storage assessments. This chapter 
provides a synthesis of the thesis research outcomes, describing spatial variation of 
carbon storage within a wetland, to provide a stratified sampling approach for future 
carbon storage assessments in coastal wetlands. Current and emerging approaches that 
describe variability in above-ground biomass and surface soil carbon storage are 
examined, identifying key areas for improvement, to provide recommendations based on 
outcomes of this thesis. It is anticipated that recommendations provided here will inform 
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better practices for reporting carbon storage for national carbon accounts and off-setting 
initiatives. 
7.2 Spatial variability in carbon 
7.2.1 Vegetation structure describes variability within a wetland 
Vegetation distribution and structure described variability in above-ground biomass and 
surface soil carbon storage within a wetland. Vegetation structure within a wetland 
broadly reflect physiological tolerance to edaphic conditions, influenced by the 
interaction of tides, freshwater additions and underlying geomorphology. This is evident 
in distribution of vegetation in southeast Australia, where mangrove occupy areas lower 
in the upper intertidal with saltmarsh occupying areas to the upper tidal limits, fringed by 
Melaleuca and Casuarina forests (Adam, 2002; Saintilan, 2009a). Structural variation 
reflects the response to edaphic conditions, particularly soil salinity and flooding 
frequency, where greatest biomass in mangrove (i.e. tall mangrove, 71.50 ± 12.53 Mg ha-
1) is distributed in areas with the highest inundation frequency and little variation in 
salinity.  
Inundation is an important influence on surface soil carbon storage (i.e. upper 30 cm), 
affecting carbon additions through vegetation distribution, as well as carbon losses by 
decomposition (Chmura et al., 2003; Kayranli et al., 2009; Mitsch et al., 2013; Saintilan 
et al., 2013). Productivity of vegetation is highest in areas frequently inundated (i.e. 
mangrove) that promote carbon additions to substrates (Clarke, 1994; Clarke and Jacoby, 
1994; Lovelock et al., 2013; MacKenzie et al., 2016). Additionally, waterlogging and 
saline conditions inhibit microbial breakdown and slow decomposition (Bridgham and 
Lamberti, 2009; Dise, 2009; Verhoeven, 2009). Therefore areas lower in the upper 
intertidal likely have greatest carbon storage, where carbon additions are highest and 
losses through decomposition are small, resulting in high rates of carbon sequestration. 
This was the approach used throughout this thesis, recognising vegetation structure across 
the intertidal zone by initially mapping structural form (Chapter 3). Sampling and 
reporting was stratified based on these units, demonstrating significant variation in above-
ground biomass and surface soil carbon storage. This thesis is one of the few studies to 
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explicitly consider influence of vegetation structure on carbon storage, demonstrating that 
significant variation within a wetland can be described using this approach. 
7.2.2 Towards a framework for describing carbon variability 
Current guidelines do not provide the confidence necessary for estimating carbon storage 
in coastal wetlands as required for national carbon accounts and carbon off-setting 
initiatives. In particular, tier 1 and tier 2 assessments outlined by the IPCC have 
considerable uncertainty and very limited value in application (Kauffman and Donato, 
2012; Howard et al., 2014). Tier 3 assessments are required for accurately quantifying 
carbon storage, however standard methodologies that outline sample design, analysis and 
reporting do not adequately describe spatial variation of carbon within a wetland (i.e. 
Kauffman and Donato, 2012; VCS, 2013, 2014, 2015; Howard et al., 2014). These 
methodologies focus on broad vegetation units (i.e. mangrove, saltmarsh, seagrass), 
combined with coarse scale mapping to extrapolate to larger spatial extents. Despite some 
recognition of variation within a wetland (e.g. species composition, vegetation density, 
forest age, geomorphic features), and sampling efforts to be stratified on ‘relatively 
homogeneous units’ (Kauffman and Donato, 2012; Howard et al., 2014), clear guidance 
on implementation is only provided at a scale that recognises variation between sites and 
regions. 
Emerging approaches utilising remote sensing provide a means for describing variability 
of biomass and carbon at smaller scales. These include technologies that can differentiate 
vegetation structure, such as Lidar and SAR (Lefsky et al., 2002; Simard et al., 2006; 
Lucas et al., 2007, 2014), species composition, through high resolution multispectral and 
hyperspectral imagery (Adam et al., 2009, Kuenzer et al., 2011; Klemas, 2013) and tidal 
frequency, using temporal datasets such as the Landsat archive (Murray-Hudson et al., 
2014; Rogers et al., 2017b). Combined with innovative approaches to classification, such 
as machine learning and object-based image analysis (Heumann, 2011a; Lantz and Wang, 
2014; Kamal et al., 2015), biomass and carbon storage can be modelled across the 
landscape, accounting for variability at smaller scales (Jachowski et al., 2013; Klemas, 
2013; Byrd et al., 2014; Gress et al., 2017; Hinson et al., 2017; Sanderman et al., 2018). 
Mapping protocols advocated by current guidelines assume manual delineation of broad 
vegetation units using satellite imagery or aerial photography with expert knowledge. 
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This rudimentary mapping approach no longer reflects the capacity of remote sensing 
analytics to correspond to ground-based measurements. 
The approach in this thesis utilised object-based image analysis (OBIA) to delineate 
variability within a wetland for undertaking ground measurements of biomass and carbon 
(Chapter 3). This approach recognised dominant structural forms of mangrove and 
saltmarsh in southeast Australia. The OBIA workflow was able to incorporate parameters 
related to vegetation distribution within the intertidal zone. These include vegetation 
height and structure, through integration of Lidar and high-resolution aerial imagery, as 
well as elevation and hydrological distance to water, describing inundation and soil 
salinity across the intertidal zone. As an outcome of this mapping approach, sampling 
stratified on the basis of vegetation structure can be used to accurately estimate total 
carbon storage of a wetland. The OBIA workflow developed in this thesis could be 
applied broadly to coastal wetlands in southeast Australia that have similar vegetation 
distribution and structural complexity. This workflow is likely transferable to other 
coastal wetlands, particularly regions where mangrove and saltmarsh co-exist, however 
further research is required to validate its application elsewhere. 
7.3 Spatial variability of above-ground biomass 
Tier 3 assessments encourage the development and application of allometric equations to 
measure above-ground biomass of mangroves (section 2.3.5). Standard methodologies 
identify that allometric equations are species- and region-specific and that broad 
application will compromise the accuracy and utility of the equation (Kauffman and 
Donato, 2012; VCS, 2013; Howard et al., 2014). However, development of allometric 
equations to measure biomass for a specific activity (e.g. REDD+ project) can be 
impractical, and this has resulted in broad application of existing equations beyond the 
area for which they were developed (Soares and Scaeffer-Novelli, 2005; Estrada et al., 
2014). Given the conservation status of mangroves globally, IPCC guidelines promote 
application of existing equations that correspond to the species or genera from a similar 
environmental setting (i.e. temperate area) (IPCC, 2014). Despite some recognition of 
biomass variability with vegetation structure, particularly small stature mangroves (i.e. 
stunted dwarf mangrove), broad application of an existing equation is considered valid if 
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measurements are not extrapolated beyond ranges (i.e. DBH, height) for which the 
equation was developed (Kauffman and Donato, 2012; Howard et al., 2014, VCS, 2014). 
Limited guidance is available for sampling and reporting saltmarsh above-ground 
biomass, likely due to lack of consensus on inclusion in tier 3 assessments. Howard et al. 
(2014) states that ‘significant’ carbon pools must be accounted for when estimating total 
carbon storage (i.e. > 5% of total carbon storage), inclusive of saltmarsh above-ground 
biomass, however it is excluded from current IPCC guidelines for carbon accounting 
(IPCC, 2014). Furthermore, accounting for saltmarsh biomass in carbon off-setting 
initiatives, such as conservation and restoration efforts, is limited due to relatively low 
biomass (VCS, 2015; Kelleway et al., 2017c). Nevertheless, saltmarsh biomass is 
determined by developing allometric equations where possible or harvesting a small area 
on the basis of replicate quadrats (Howard et al., 2014). Standardised methods 
demonstrate floristic and structural variation may occur in different saltmarsh zones (i.e. 
high, middle, low), and sampling should be stratified accordingly (Howard et al., 2014). 
Despite acknowledgement of this variation, guidance for this approach is speculative no 
explicit methods are provided. 
In this thesis above-ground biomass was estimated based on vegetation structure initially 
delineated using remote sensing. This stratified sampling approach described significant 
spatial variation of biomass within a wetland, demonstrating that vegetation structure 
must be recognised to provide accurate assessments of carbon storage (Chapter 4). For 
mangrove, allometric equations developed at the structural scale correspond to variation 
observed between tall (3 – 8 m in height, 71.50 ± 12.53 Mg ha-1), shrub (1.3 – 3 m in 
height, 53.06 ± 6.94 Mg ha-1) and dwarf mangrove (< 1.3 m in height, 10.68 ± 1.77 Mg 
ha-1), that are not sufficiently recognised using a regional equation (Figure 4.4). In 
addition, saltmarsh above-ground biomass was a significant carbon pool, exhibiting 
considerable variation within species (i.e. height, density) that must be accounted for 
(Figure 4.2). 
Broad application of existing allometric equations is unlikely to account for structural 
variability within a wetland. Mangroves harvested in this study had greater range in height 
and basal diameter than mangroves harvested in similar temperate settings (Figure 7.1). 
Chapter 7: Synthesis 
177 
It is therefore unreasonable to assume allometric equations generated for other mangrove 
in temperate settings will adequately quantify above-ground biomass of mangrove in 
southeast Australia. Consistency of biomass in relation to height and basal area of 
mangrove measured in New Zealand (Woodroffe, 1985; Bulmer et al., 2016a) suggests 
that allometric relationships between structural variables and biomass may be achieved 
within a region. Further research is required to determine the efficacy of applying 
allometric equations between different temperate regions. 
Allometric equations must be developed to describe the full range of tree morphology for 
mangroves in a region. This was achieved in this thesis by harvesting sufficient samples 
in each structural form (i.e. tall, shrub, dwarf), avoiding unwarranted extrapolation 
beyond ranges, providing greater confidence in biomass estimates. An asymptotic 
relationship between height and basal diameter was demonstrated in this thesis, 
confirming that these parameters do not increase linearly and that linear extrapolation of 
allometric equations will influence the accuracy of biomass estimates (Figure 7.1). This 
relationship was not exhibited for mangrove in New Zealand (Woodroffe, 1985; Bulmer 
et al., 2016a), possibly due to sampling bias that did not include larger mangroves. This 
will influence allometric equations generated in this region (New Zealand), where 
application of these equations to mangrove in southeast Australia will extrapolate beyond 
their range and significantly overestimate tall mangrove biomass. Likewise, application 
of equations generated for mangroves in the USA (Osland et al., 2014) will underestimate 
mangrove biomass in southeast Australia. Despite having similar structure to shrub and 
dwarf mangrove in this study, mangroves studied in Osland et al. (2014) were still 
recovering from episodic freeze events (Rogers and Krauss, 2018), and this likely 
influenced allometric equations generated in this region. 
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Figure 7.1 Comparison of above-ground biomass (natural log) of mangrove harvest data (Avicennia spp.) 
from this study (Chapter 4) and other studies plotted against a) height and b) basal diameter. 
Current guidelines have limited capacity to adequately describe variability of biomass 
within a region. Above-ground biomass has long been considered to exhibit a latitudinal 
trend, where mangrove biomass is greater at lower latitudes due to increased height and 
DBH (Twilley et al., 1992; Saenger and Snedaker, 1993; Komiyama et al., 2008; 
Hutchison et al., 2014; Sanders et al., 2016). However considerable variability within a 
region suggests that biomass is not expressly related to climate (Figure 7.2). Significant 
variation in biomass between mangrove structural forms in this study confirms that 
providing an average value does not adequately describe mangrove biomass in southeast 
Australia (i.e. Latitude -33.5⁰, Figure 7.2). Application of average biomass values for a 
region extrapolated using coarse scale mapping (i.e. mangrove extent), as proposed at tier 
1 and 2 level assessments, will be inaccurate when accounting for carbon storage in 
coastal wetlands. Variability at smaller spatial scales must be considered, where influence 
of vegetation structure within a region may exhibit greater effect on biomass than between 
regions. 
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Figure 7.2 Mangrove above-ground biomass values reported in the literature across latitudes, with biomass 
values added from this study (Chapter 4). Average biomass of tall mangrove (red), shrub mangrove (light 
green) and dwarf mangrove (dark green) from this study. Other data extracted from Estrada and Soares 
(2017). 
Traditional methods for estimating biomass are limited, resulting in sampling and 
reporting bias, and this likely explains some variation in estimates globally (Figure 7.2). 
Substantial resources are required (time and financial) in destructively harvesting 
mangroves to develop robust allometric equations (Bonham, 2013; Olagoke et al., 2015). 
Developing allometric equations with insufficient samples can lead to significant 
overestimates for larger trees, as is the case for biomass reported by Matsui (1998) at 
Hinchinbrook Island (Latitude -18.37⁰, 104 – 530 Mg ha-1, Figure 7.2). Similarly, 
rudimentary allometric equations developed by fitting simple geometric shapes (i.e. 
cylinder to trunk) do not adequately reflect growth and structure of mangroves. This is 
evident in biomass estimates presented by Saintilan (1997b) for Hawkesbury River 
(Latitude -33.50⁰, 400 Mg ha-1, Figure 7.2), where biomass estimates are exceedingly 
high given corresponding latitude and heights of mangrove in their study and this study 
(i.e. similar to tall mangrove in this study, 3 – 8 m). This rudimentary approach was also 
used in other studies and may explain biomass overestimates and reported variation 
within a region (i.e. Latitude 9.58⁰, 902 Mg ha-1, Figure 7.2, Donato et al., 2012).  
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In this thesis terrestrial laser scanning (TLS) was investigated as an alternative to 
destructive harvesting for accurate biomass estimates (Chapter 5). This approach 
provided a reliable non-destructive method for estimating biomass in structurally 
complex coastal wetland vegetation. The substantial detail provided by the point cloud is 
unmatched by other techniques and does not require vegetation to fit a general structural 
pattern that is required for techniques such as allometric equations (i.e. trunk diameter is 
related to trunk biomass). Although current modelling techniques required considerable 
expertise, the new model developed in this thesis (i.e. point cloud elevation histogram 
model) is simpler than previous models, can be used for both mangrove and saltmarsh 
vegetation, and is highly effective for estimating biomass (Figure 5.6). In addition, this 
approach reduces bias in sampling and reporting of biomass related to allometric 
equations (e.g. extrapolation outside ranges). As TLS systems become more common and 
affordable, widespread integration of 3-D technologies can be used for estimating coastal 
wetland biomass, particularly as a validation for tier 3 assessments. 
7.4 Spatial variability of soil carbon storage 
Standardised methodologies for estimating soil carbon storage, to meet tier 3 assessments 
required for off-setting initiatives, do not adequately describe spatial and temporal 
variation of carbon. Sampling and reporting is stratified on broad vegetation units, similar 
to above-ground carbon assessments, providing little recognition of variability within a 
wetland. Despite the acknowledgement of uncertainty due to ‘species composition, 
climate conditions and general environmental setting’ (IPCC, 2014), no clear guidance is 
provided for sampling within broad vegetation units (i.e. environmental gradients 
associated with edaphic conditions), even though reporting should indicate variation with 
geomorphic setting and dominant species (Kauffman and Donato, 2012; VCS, 2014). 
Emerging approaches have identified significant spatial variability in carbon, influenced 
by a broad range of factors including geomorphic setting (Donato et al., 2011; Rovai et 
al., 2018), geomorphic units within estuaries (Saintilan et al., 2013; Kelleway et al., 2016; 
Hayes et al., 2017; Macreadie et al., 2017b; van Ardenne et al., 2018), and variation across 
environmental gradients such as forest age (Osland et al., 2012; Marchand, 2017; Walcker 
et al., 2018), vegetation composition (Lovelock, 2008; Saintilan et al., 2013; Kelleway et 
al., 2017b; Ellison and Beasy, 2018) and transitional ecotones (Kelleway et al., 2015; 
Yando et al., 2016). However, variability over smaller scales has received considerably 
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less attention (i.e. within a wetland), despite having considerable influence on carbon 
storage estimates. 
In addition, current guidelines outline that carbon content in soil should be analysed to a 
minimum depth of 30 cm, and strongly recommend to analyse the upper 1 m (Kauffman 
and Donato, 2012; Howard et al., 2014; VCS, 2014; Kelleway et al., 2017c). The 1 m 
depth is considered ‘standard’ (Howard et al., 2014; Kelleway et al., 2017c) and proposed 
by the IPCC as 1 m is considered to approximate ‘the mid-range of the extraction depth 
for construction of aquaculture and salt production ponds’ (IPCC, 2014). This 1 m depth 
is largely arbitrary, somewhat taken out of context with respect to carbon accounting, and 
now applied broadly. In addition, 1 m length does not allow comparison to a comparable 
benchmark (e.g. mean sea level or a vertical datum such as AHD) or with respect to an 
age over which accumulation occurs (e.g. peat-forming environments can be 3-5 m deep, 
accumulating over millennia; Allen, 2000; McKee et al., 2007; Serrano et al., 2014; van 
Ardenne et al., 2018). 
In this thesis, soil carbon measurements were limited to the upper 30 cm of sediment, 
where carbon additions and losses reflect processes that operate at the wetland surface 
(Chapter 6). The influence of these processes, specifically carbon additions by vegetation 
and losses through decomposition, are linked to edaphic factors (i.e. anoxia and soil 
salinity) that are spatially explicit as a result of the interaction between tides, freshwater 
contributions and underlying geomorphology. Edaphic conditions exert considerable 
influence on carbon storage in coastal wetlands, broadly expressed in vegetation 
distribution and structure (Figure 6.4). Mangrove (63.13 ± 4.04 Mg C ha-1), occupying 
areas frequently inundated, had greater carbon storage than saltmarsh (43.50 ± 7.90 Mg 
C ha-1), occupying areas positioned higher in the landscape often with infrequent or 
limited tidal influence. Moreover, distribution of saltmarsh structural forms across the 
intertidal zone significantly influenced carbon storage (e.g. rush saltmarsh, 41.60 ± 8.83 
Mg C ha-1 > HGS saltmarsh, 32.56 ± 5.05 Mg C ha-1, Figure 6.7). The stratified sampling 
approach applied in this thesis described considerable spatial variation in surface soil 
carbon within a wetland, demonstrating that processes influencing carbon additions and 
losses must be recognised to provide accurate assessments of carbon storage. 
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Soil carbon storage in coastal wetlands is the product of long-term carbon retention 
associated with development of these environments over the Holocene (Vitt et al., 2000; 
Woodroffe et al., 2016; Hayes et al., 2017). Contemporary intertidal environments that 
support mangrove and saltmarsh may not reflect vegetation distribution and extent at a 
previous stage of wetland evolution (Rogers et al., 2018). Established methods for 
characterising carbon additions by vegetation may be sufficient for regions where sea 
level has been rising over the mid to late Holocene, creating conditions more suitable for 
vegetation to build elevation in response to sea level rise (Kirwan and Mudd, 2012; 
Woodroffe et al., 2016; Rogers et al., in review). This is characteristic of wetlands in peat-
forming environments, where carbon additions in sediment are likely sourced from the 
persistence of current vegetation (Morris et al., 2002; McKee et al., 2007). Conversely, 
where sea level stabilised in the mid Holocene (i.e. southeast Australia), carbon additions 
beyond the active rooting zone likely do not reflect current vegetation distribution. To 
this end, carbon in deeper sediment, beyond the active rooting zone, likely reflect carbon 
additions of vegetation at a previous stage of wetland evolution. Current approaches 
rarely consider wetland evolution when reporting carbon storage as standardised 
methodologies provide limited guidance concerning provenance of carbon additions. 
This thesis applies a stratified sampling approach that recognises vegetation distribution 
and structure, describing variation in surface soil carbon storage. This approach suggests 
that edaphic conditions (i.e. anoxia and soil salinity) exert considerable influence on 
carbon storage in coastal wetlands, influenced by the interaction of tides, freshwater 
contributions and underlying geomorphology. It is proposed that previous environmental 
conditions, and prior vegetation distribution, can be described down core to characterise 
deeper carbon storage in the sediment profile. This is achieved by characterising 
provenance of carbon in deeper sediment using stable carbon isotopes, indicating changes 
in vegetation composition associated with an earlier stage of wetland evolution (Choi et 
al., 2001; Wang et al., 2008; Wang et al., 2011; Bianchi et al., 2013). This thesis does not 
investigate deeper carbon storage, and further validation is required for broad application 
of this approach, particularly in southeast Australia where variation in stable carbon 
isotope signatures of coastal wetland vegetation may be limiting (i.e. C4 signature limited 
to very few species). Irrespective, soil carbon storage assessments must consider wetland 
evolution in sampling and reporting. This will facilitate accurate comparisons of soil 
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carbon storage between regions, providing greater confidence in estimates for national 
carbon accounts. 
7.5 Integrating above- and below-ground variability 
The stratified sampling approach used in this thesis, that recognises vegetation structure, 
provides insight into the distribution of carbon storage within a wetland (Figure 7.3). 
Carbon storage is broadly related to accommodation space; the extent of intertidal habitat 
within an estuary that mangrove and saltmarsh occupy (section 2.1.3), where increasing 
available accommodation space in the intertidal corresponds to greater total carbon 
storage. Mid-tidal positions, occupied by mangrove vegetation, have high carbon storage, 
facilitated by tidal processes that regulate edaphic conditions (i.e. anoxia and soil salinity) 
and encourage organic matter accumulation on wetland surfaces. Carbon storage was 
lowest for saltmarsh vegetation, specifically herbs, grasses and sedges, where diminishing 
tidal influence limits carbon additions and enhances decomposition. This coincides with 
areas of high salinity, limiting decomposition and productivity (Morris et al., 2002; Feller 
et al., 2003; Krauss et al., 2006; Hill and Roberts, 2017). Areas towards the limits of tidal 
exchange, despite diminishing available accommodation space, exhibit high carbon 
storage facilitated by the encroaching influence of freshwater contributions from 
groundwater flows and rainfall run-off. In particular, Casuarina vegetation had the 
highest surface soil carbon storage (91.09 Mg C ha-1), confirming that freshwater 
contributions can provide substantial carbon additions in a wetland where tidal influence 
may be negligible. 
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Figure 7.3 Spatial variation of carbon storage across the intertidal zone of coastal wetlands in southeast 
Australia. Data collated from Chapter 4 and Chapter 6. Above-ground carbon storage values for Casuarina, 
reed saltmarsh and ecotone vegetation estimated based on data in literature (Clarke and Allaway, 1996; 
Ennabili et al., 1998; Goel and Behl, 2005; Saintilan et al., 2013; Kelleway et al., 2015; Whitaker et al., 
2015). HAT; highest astronomical tide, MHW; mean high water, MSL; mean sea level, MLW; mean low 
water, HGS; herbs, grasses and sedges. 
Across the intertidal landscape, carbon storage exhibits a concave upward parabolic 
pattern (Figure 7.3b). This suggests that carbon additions are highest where hydrological 
contributions, whether from tides or freshwater sources such as groundwater and run-off, 
are maximised. Tidal influence declines from tall mangrove to Casuarina, corresponding 
with diminishing available accommodation space. Similarly, freshwater contributions 
have diminishing influence from landward to seaward. A convergence occurs where 
carbon additions from tidal influences and freshwater contributions are limited, resulting 
in reduced carbon storage (Figure 7.4). Herbs, grasses and sedges saltmarsh represent the 
vegetation unit where hydrological influences are low and carbon additions are small, due 
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to limited accommodation space and enhanced decomposition as a result of infrequent 
flooding. Quantifying the varying degree of tidal influence and freshwater contributions 
within a wetland, and how they change over time, may provide greater insight into 
permanency and preservation of carbon additions. 
 
Figure 7.4 Conceptual diagram indicating relative influence of tides and freshwater contributions across 
the intertidal zone within a wetland. HGS; herbs, grasses and sedges. 
Overlooking variability of carbon within a wetland can significantly reduce confidence 
in carbon storage assessments. Extrapolation based on broad vegetation units are limited 
to mean values that cannot recognise variation within mangrove and saltmarsh vegetation. 
In addition, sampling that does not account for variation across the intertidal landscape, 
as shown in this thesis (Figure 7.3), may report carbon storage values that are not 
representative of the broad vegetation unit. This has somewhat been recognised by studies 
in southeast Australia, where significant variability in biomass and soil carbon storage is 
demonstrated within mangrove and saltmarsh (Howe et al., 2009; Saintilan et al., 2013; 
Kelleway et al., 2016; Hayes et al., 2017; Macreadie et al., 2017b). However, 
extrapolation of carbon measurements to landscape scale assessments in these studies 
does not adequately account for the variation observed within broad vegetation classes 
(i.e. they account for some variation between mangrove and saltmarsh, but not within 
mangrove and saltmarsh, which can be as significant as the variation between broad 
vegetation classes). Moreover, approaches that do not account for vegetation structure 
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will not adequately describe variability of carbon within a wetland and may lead to 
erroneous conclusions. For instance, Ewers Lewis et al. (2017) sample many locations 
along the Victorian coastline of Australia, concluding that despite substantial variability, 
mangrove and saltmarsh exhibit no significant difference in surface soil carbon storage 
(i.e. upper 30 cm). These results reflect sampling and reporting that do not consider 
variation within a wetland (i.e. vegetation structure) and may incorrectly characterise 
carbon storage of mangrove and saltmarsh. 
7.6 Towards better practices for reporting carbon storage  
Tier 3 assessments are necessary for accurately quantifying carbon storage (Kauffman 
and Donato, 2012; Howard et al., 2014). To provide the confidence necessary for 
reporting carbon storage for national carbon accounts and off-setting initiatives, tier 3 
assessments should sufficiently describe variability of carbon within a wetland. Current 
methodologies do not adequately describe spatial variation in a wetland where guidance 
on sampling and reporting largely reflect tier 2 assessments (i.e. Kauffman and Donato, 
2012; VCS, 2013, 2014, 2015; Howard et al., 2014). This thesis provides methods to 
improve tier 3 assessments that reflect significant variation within a wetland, resulting in 
greater confidence of carbon storage estimates. Standardised methodologies should 
provide explicit sampling and reporting guidelines to achieve best practice, as well as 
provide a minimum requirement that describes some variation within a wetland where 
resources are limited. As an outcome of this thesis, six key recommendations are provided 
to enhance current methodologies. Efforts to incorporate these recommendations will 
likely result in improved descriptions of variation in carbon storage within coastal 
wetlands, facilitating accurate comparisons of carbon storage between wetlands and 
improving overall confidence in carbon storage estimates. 
7.6.1 Stratified sampling should account for vegetation structure 
Current sampling approaches focus on broad vegetation units (i.e. mangrove and 
saltmarsh), limiting carbon storage estimates to mean values that cannot account for 
variation within mangrove and saltmarsh vegetation. To ensure confidence in carbon 
storage estimates, variation within broad vegetation units is required to characterise 
spatial variation of carbon within a wetland. This is best achieved by a stratified sampling 
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approach that recognises vegetation structure. Where resources are limited, carbon 
storage assessments should recognise variation within broad vegetation units that reflect 
physiological tolerances to edaphic conditions, such as species composition, forest age, 
or position in the landscape. 
7.6.2 Allometric equations should recognise mangrove structural form 
Current guidelines promote broad application of existing allometric equations for 
estimating mangrove biomass; considered valid if measurements are not extrapolated 
beyond ranges (i.e. height, DBH), where mangroves correspond to similar species or 
genera and environmental setting. However broad application of existing equations is 
unlikely to describe structural variability within a wetland. Allometric equations should 
be developed and applied that recognise mangrove structural form, capturing the full 
range of morphological growth in a region. Where this is impractical or not possible, 
existing species-specific allometric equations may be applied to mangroves developed in 
the same region, where equations should not be extrapolated beyond ranges. 
7.6.3 Saltmarsh biomass must be included in carbon storage assessments 
Limited guidance is available for sampling and reporting saltmarsh biomass as its 
contribution to carbon storage is often considered negligible. Results from this thesis 
demonstrate that saltmarsh biomass is an important carbon pool and must be included in 
carbon storage estimates to provide accurate assessments. Sampling and reporting should 
account for variation in species composition (i.e. height, density), best achieved by 
replicate measures based on variation in structural form. 
7.6.4 Soil carbon storage assessments must consider wetland evolution 
Current methodologies outline that soil carbon storage should be quantified to a minimum 
depth of 30 cm, and advocate for estimates to account for the upper 1 m when resources 
are available. However, the 1 m depth may not provide an accurate estimate of carbon 
storage in a wetland as carbon storage in coastal wetlands reflects the development of 
these environments over the Holocene. Carbon storage in surface sediment likely does 
not correlate to carbon content in deeper sediments due to processes that operate at the 
wetland surface that do not correspond to deeper carbon storage. Soil carbon storage 
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estimates need to consider wetland evolution and changes in provenance of carbon over 
time. This can be achieved by identifying previous environmental conditions using stable 
carbon isotopes as indicators of prior vegetation distribution. In addition, quantifying 
carbon storage to a comparable benchmark (e.g. mean sea level or a vertical datum such 
as AHD) or with respect to an age over which accumulation occurs will facilitate accurate 
carbon storage assessments. 
7.6.5 Mapping should correspond to biomass and carbon measurements 
Current extrapolation of ground-based measurements to estimate carbon storage for larger 
spatial extents is based on coarse scale mapping of mangrove and saltmarsh, using mean 
values of biomass and carbon. To improve accuracy of carbon storage assessments, 
mapping should correspond to high resolution biomass and carbon measurements within 
broad vegetation units. This is best achieved by delineating vegetation structural form 
using Lidar with an OBIA workflow as developed in this thesis. As a minimum, mapping 
must correspond to sampling stratification to avoid extrapolation based on mean values. 
7.6.6 Widespread integration of remote sensing technologies to optimise efficiency 
and accuracy 
Accurate assessment of carbon storage in vegetated ecosystems is important to facilitate 
a low carbon economy (Gibbs et al., 2007; Chave et al., 2014). However, traditional 
approaches for estimating biomass and carbon may not provide the level of accuracy 
required. Emerging remote sensing technologies, such as airborne Lidar, TLS and UAVs 
(unmanned aerial vehicle), provide an opportunity to describe spatial variability of 
biomass and carbon in unprecedented detail over large spatial extents. Widespread 
integration of these state-of-the-art technologies should be encouraged and utilised to 
their full potential to capture variation of carbon storage within a wetland. The capability 
of TLS and Lidar are demonstrated in this thesis and future investment in these 
technologies could improve efficiency and accuracy, particularly for biomass estimates, 
envisaging continuous spatial representations of vegetation structure (e.g. full-waveform 
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Appendix A: Supplementary material to Chapter 3  
Table A.1 Pairwise error matrix for structural classification and ground-truthed data at Minnamurra River. HGS; Herbs, grasses and sedges. Note: class Casuarina has only 4 
replicates and may not be statistically significant. 










 Tall Shrub Dwarf Mixed Casuarina Reed Rush HGS Total Error of commission (%)
Tall 7 0 0 0 0 0 0 0 7 0 
Shrub 0 31 0 0 0 0 0 0 31 0 
Dwarf 0 2 15 0 0 0 0 0 17 12 
Mixed 0 0 0 32 0 0 0 0 32 0 
Casuarina 0 0 0 0 4 0 0 0 4 0 
Reed 0 0 0 1 0 10 0 0 11 9 
Rush 0 0 0 0 0 0 10 2 12 17 
HGS 0 0 0 0 0 0 1 19 20 5 
Total 7 33 15 33 4 10 11 21 134  







Table A.2 Pairwise error matrix for structural classification and ground-truthed data at Currambene Creek. HGS; Herbs, grasses and sedges. Note: classes Casuarina and Rush 
have only 4 replicates each and may not be statistically significant. 










 Tall Shrub Dwarf Mixed Casuarina Sparse Rush HGS Total Error of commission (%)
Tall 39 1 1 1 0 0 0 0 42 7 
Shrub 0 14 1 0 0 0 0 0 15 7 
Dwarf 0 2 8 0 0 0 0 0 10 20 
Mixed 0 0 0 29 0 0 0 0 29 0 
Casuarina 0 0 0 0 4 0 0 0 4 0 
Sparse 0 0 0 0 0 15 0 0 15 0 
Rush 0 0 0 0 0 0 3 0 3 0 
HGS 0 0 0 0 0 0 1 9 10 10 
Total 39 17 10 30 4 15 4 9 128  





Table A.3 Pairwise error matrix for structural classification and ground-truthed data at Cararma Inlet. HGS; Herbs, grasses and sedges. Note: class Inundated has no replicates 
and may not be statistically significant. 
 










 Tall Shrub Dwarf Mixed Casuarina Sparse Inundated Rush HGS Tecticornia Total Error of commission (%) 
Tall 21 0 0 0 0 0 0 0 0 0 21 0 
Shrub 0 18 0 0 0 0 0 0 0 0 18 0 
Dwarf 0 1 13 0 0 0 0 0 0 0 14 7 
Mixed 0 0 0 30 1 0 0 0 0 0 31 3 
Casuarina 0 0 0 0 7 0 0 0 0 0 7 0 
Sparse 0 0 0 0 0 12 0 0 0 0 12 0 
Inundated 0 0 0 0 0 0 1 0 0 0 1 0 
Rush 0 0 0 1 0 0 0 26 0 1 28 7 
HGS 0 0 0 1 0 0 0 0 22 1 24 8 
Tecticornia 0 0 0 0 0 0 0 2 0 8 10 20 
Total 21 19 13 32 8 12 1 28 22 10 166  
Error of omission (%) 0 5 0 6 13 0 0 7 0 20   
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Table A.4 Complete feature optimisation statistics for community (com), mangrove (man), and saltmarsh 
(sm) classifications at each study site. Greyed out boxes indicate layers used to explain variance associated 
with each classification. SD; standard deviation. 
Layers Minnamurra River Currambene Creek Cararma Inlet 
 com man sm com man sm com man sm 
Red band (mean)          
Green band (mean)          
Blue band (mean)          
Red band (SD)          
Green band (SD)          
Blue band (SD)          
Brightness (mean)          
Hue (mean)          
Intensity (mean)          
Saturation (mean)          
Maximum Difference (mean)          
DEM (mean)          
DSM (mean)          
DTM (mean)          
CHM (mean)          
DEM (SD)          
DSM (SD)          
DTM (SD)          
CHM (SD)          
All vegetation returns (mean)          
All returns of high height vegetation (mean)          
All returns of medium height vegetation 
(mean) 
         
All returns of low height vegetation (mean)          
All ground returns (mean)          
All returns elevation average (mean)          
All vegetation returns (SD)          
All returns of high height vegetation (SD)          
All returns of medium height vegetation 
(SD) 
         
All returns of low height vegetation (SD)          
All ground returns (SD)          
All Lidar returns elevation average (SD)          
Intensity average of all returns (mean)          
Intensity average of first returns (mean)          
Intensity maximum of first returns (mean)          
Intensity minimum of last returns (mean)          
IDM (mean)          
Intensity average of all returns (SD)          
Intensity average of first returns (SD)          
Intensity maximum of first returns (SD)          
Intensity minimum of last returns (SD)          
IDM (SD)          
Lidar layer ratio (high : medium vegetation)          
Lidar layer ratio (high : low vegetation)          
Lidar layer ratio (medium : low vegetation)          
Lidar layer ratio (ground : all vegetation)          
Hydrologic distance to water model (mean)          
Mean HDM (SD)          
 
 
Appendix B: Supplementary material to Chapter 4 
Table B.1 All mangrove harvest data. T tall mangrove, S shrub mangrove, D dwarf mangrove, D* dwarf mangrove (Aegiceras). Wood specific gravity (WD). 






















1 T 550 7.49 40 30 39061 20627 7898 67586 0.82 0.79 
2 T 480 11.66 34.25 50.75 64325 41417 16216 121957 0.78 0.74 
3 T 460 5.71 22 31 37040 19679 8157 64876 0.83 0.80 
4 T 450 2.54 10.25 12.25 7022 5564 1560 14147 0.83 0.80 
5 T 420 1.47 7.75 7.25 5180 4825 1731 11736 0.81 0.74 
6 T 400 1.09 12.5 9.5 4031 3691 1024 8745 0.84 0.83 
7 T 460 2.86 27 20.75 22154 9491 2340 33985 0.73 0.73 
8 T 440 4.82 11.75 11.5 8900 5781 2197 16878 0.76 0.73 
9 T 460 2.68 12 10.75 12375 4445 1449 18268 0.77 0.73 
10 T 540 2.19 14.5 13.5 19772 7657 2838 30268 0.86 0.77 
11 T 510 2.20 12 10.25 9751 5670 2342 17764 0.70 0.69 
12 T 514 2.45 18.5 10 17412 5400 1644 24456 0.76 0.73 
13 T 310 6.94 17.5 14.5 14549 10419 2424 27391 0.76 0.79 
14 S 320 1.15 7.25 6 4154 2968 1179 8300 0.86 0.79 
15 S 280 0.61 5.5 7.25 1089 1896 576 3561 0.84 0.82 
16 S 160 1.08 1.75 13.75 2008 2323 937 5268 0.71 0.54 
17 S 160 2.19 13.75 8.5 2184 1451 986 4621 0.70 0.65 
18 S 230 4.07 9 11.5 3642 3272 3743 10658 0.73 0.82 
19 S 280 2.58 7.75 6 3668 2556 1753 7977 0.77 0.86 
20 S 220 1.79 7.25 8.75 1127 1273 544 2945 0.74 0.73 
21 S 230 0.94 5.5 2.75 721 761 285 1767 0.78 0.61 
22 S 225 0.86 6 4.75 733 625 281 1639 0.77 0.59 
23 S 330 3.58 15.5 7.5 8103 5500 1675 15277 0.75 0.60 
24 S 340 1.34 6.5 4 2291 1227 394 3913 0.80 0.70 
25 D 130 1.72 10 10.5 1011 621 390 2022 0.73 0.69 
26 D 130 0.37 3.25 2.5 369 137 114 621 0.75 0.72 
27 D 140 0.74 5.25 7 443 624 309 1376 0.75 0.81 
 
 
28 D 140 1.23 5 6 1072 994 521 2587 0.71 0.63 
29 D 120 1.29 7 14.5 1110 1434 589 3133 0.64 0.64 
30 D 55 1.09 3.5 6.25 63 554 310 927 0.72 0.74 
31 D 90 0.76 4.5 4.75 252 447 301 1000 0.69 0.88 
32 D 70 0.74 4.5 3 91 303 163 557 0.78 0.90 
33 D 110 0.47 3.5 5 161 195 113 469 0.83 0.84 
34 D 140 0.70 3.5 4.25 270 221 181 673 0.73 0.81 
35 D 85 0.23 2.5 1.5 30 51 24 105 0.73 0.85 
36 D 80 0.17 2.25 0.75 21 24 14 59 0.68 0.81 
37 D 70 0.09 1.5 0.75 17 10 9 35 0.81 0.75 
38 D 105 0.21 3 2 52 99 34 184 0.75 0.75 
39 D* 70 0.28 5.5 6.5 55 126 145 325 0.78 0.93 
40 D* 65 0.11 2.75 1.25 22 29 30 81 0.73 0.61 
41 D* 94 0.87 10.75 19.25 469 709 376 1554 0.59 0.84 
42 D* 135 1.35 10 23.75 422 1736 498 2655 0.54 0.91 




Table B.2 All tested allometric equations (Region-specific equation). Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal diameter (cm) crown 
area (m2). Equations should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size, L + I 
leaves plus inflorescences. Equation in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.90 0.64 1.2254 43 <0.0001 






  0.79 0.91 1.5138 43 <0.0001 






  0.89 0.66 1.2401 43 <0.0001 




   0.67 1.13 1.8894 43 <0.0001 






  0.90 0.63 1.2230 43 <0.0001 




   0.89 0.66 1.2472 43 <0.0001 




   0.75 0.99 1.6288 43 <0.0001 




   0.77 0.95 1.5718 43 <0.0001 






  0.96 0.42 1.0902 43 <0.0001 






  0.88 0.69 1.2696 43 <0.0001 








 0.96 0.41 1.0867 43 <0.0001 






  0.95 0.45 1.1084 43 <0.0001 








 0.95 0.45 1.1082 43 <0.0001 










0.98 0.31 1.0482 43 <0.0001 








 0.98 0.30 1.0475 43 <0.0001 
 
 
Table B.3 All tested allometric equations (Region-specific equation – Avicennia marina only). Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal 
diameter (cm), crown area (m2). Equations should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d x ln(x3))) x CF. SE Standard error of variable, CF correction factor, 
n sample size. Equation in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.91 0.58 1.183 38 <0.0001 






  0.89 0.64 1.229 38 <0.0001 






  0.90 0.62 1.213 38 <0.0001 




   0.83 0.81 1.393 38 <0.0001 






  0.96 0.64 1.230 38 <0.0001 




   0.88 0.69 1.270 38 <0.0001 




   0.80 0.90 1.494 38 <0.0001 




   0.77 0.93 1.542 38 <0.0001 






  0.96 0.41 1.088 38 <0.0001 






  0.87 0.72 1.293 38 <0.0001 








 0.96 0.42 1.090 38 <0.0001 






  0.96 0.41 1.087 38 <0.0001 








 0.96 0.40 1.082 38 <0.0001 










0.98 0.30 1.046 38 <0.0001 








 0.98 0.30 1.045 38 <0.0001 
 
 
Table B.4. All tested allometric equations (Tall mangrove) Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal diameter (cm), crown area (m2). 
Woody AGB are equations developed for estimating biomass of the trunk and branch compartment. Equations should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d 
x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size. Equations in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.89 0.25 1.032 13 <0.0001 






  0.88 0.26 1.034 13 <0.0001 






  0.89 0.26 1.034 13 <0.0001 




   0.88 0.26 1.034 13 <0.0001 






  0.84 0.30 1.047 13 <0.0001 




   0.68 0.43 1.096 13 0.0003 




   0.76 0.37 1.072 13 <0.0001 




   0.03 0.75 1.321 13 0.2656 






  0.79 0.35 1.062 13 0.0002 






  0.74 0.39 1.077 13 0.0005 








 0.87 0.27 1.038 13 <0.0001 






  0.89 0.25 1.033 13 <0.0001 








 0.89 0.26 1.033 13 <0.0001 










0.91 0.23 1.026 13 <0.0001 








 0.91 0.22 1.026 13 <0.0001 
 
 








 0.81 0.35 1.064 13 0.0003 






  0.82 0.35 1.062 13 <0.0001 






  0.79 0.38 1.074 13 0.0002 




   0.79 0.37 1.071 13 <0.0001 






  0.81 0.36 1.067 13 0.0001 




   0.61 0.51 1.140 13 0.001 




   0.76 0.40 1.082 13 <0.0001 




   0.08 0.78 1.360 13 0.1806 






  0.77 0.40 1.081 13 0.0003 






  0.76 0.40 1.082 13 0.0003 








 0.86 0.31 1.048 13 0.0003 






  0.82 0.35 1.063 13 <0.0001 








 0.83 0.33 1.057 13 0.0002 










0.86 0.31 1.048 13 0.0004 








 0.85 0.32 1.053 13 0.0002 








 0.93 0.19 1.018 13 <0.0001 






  0.92 0.21 1.022 13 <0.0001 






  0.94 0.18 1.016 13 <0.0001 
 
 




   0.92 0.20 1.020 13 <0.0001 






  0.82 0.31 1.048 13 <0.0001 




   0.73 0.37 1.073 13 0.0001 




   0.68 0.41 1.087 13 0.0003 




   0 0.74 1.313 13 0.5599 






  0.74 0.36 1.068 13 0.0004 






  0.65 0.42 1.094 13 0.0021 








 0.80 0.32 1.053 13 0.0005 






  0.92 0.20 1.021 13 <0.0001 








 0.91 0.21 1.023 13 <0.0001 










0.92 0.20 1.021 13 <0.0001 








 0.93 0.19 1.018 13 <0.0001 








 0.89 0.26 1.033 13 <0.0001 






  0.88 0.26 1.034 13 <0.0001 






  0.88 0.27 1.036 13 <0.0001 




   0.87 0.27 1.037 13 <0.0001 






  0.85 0.30 1.045 13 <0.0001 




   0.67 0.43 1.099 13 0.0004 
 
 




   0.77 0.36 1.068 13 <0.0001 




   0.03 0.75 1.321 13 0.2661 






  0.78 0.35 1.065 13 0.0002 






  0.76 0.37 1.072 13 0.0003 








 0.87 0.27 1.037 13 <0.0001 






  0.88 0.26 1.036 13 <0.0001 








 0.88 0.26 1.035 13 <0.0001 










0.90 0.23 1.028 13 <0.0001 








 0.90 0.24 1.029 13 <0.0001 








 0.84 0.32 1.053 13 0.0002 






  0.84 0.32 1.053 13 <0.0001 






  0.85 0.32 1.051 13 <0.0001 




   0.84 0.32 1.052 13 <0.0001 






  0.70 0.44 1.103 13 0.001 




   0.66 0.47 1.117 13 0.0005 




   0.55 0.54 1.156 13 0.0022 




   0.01 0.80 1.374 13 0.3001 






  0.75 0.40 1.085 13 0.0004 
 
 






  0.52 0.56 1.169 13 0.0106 








 0.74 0.41 1.088 13 0.0016 






  0.84 0.32 1.053 13 <0.0001 








 0.84 0.32 1.052 13 0.0002 










0.87 0.29 1.044 13 0.0003 








 0.86 0.30 1.046 13 <0.0001 
 
 
Table B.5 All tested allometric equations (Shrub mangrove) Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal diameter (cm), crown area (m2). 
Woody AGB are equations developed for estimating biomass of the trunk and branch compartment. Equations should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d 
x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size, L + I leaves plus inflorescences. Equations in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.42 0.54 1.158 11 0.0823 






  0.33 0.58 1.185 11 0.0823 






  0.49 0.51 1.138 11 0.0278 




   0.19 0.64 1.229 11 0.0319 






  0.42 0.54 1.159 11 0.0474 




   0.47 0.52 1.143 11 0.0116 




   0.04 0.70 1.274 11 0.2567 




   0 0.71 1.289 11 0.3496 






  0.50 0.50 1.134 11 0.0248 






  0 0.72 1.297 11 0.4558 








 0.50 0.50 1.134 11 0.0496 






  0.56 0.47 1.119 11 0.0158 








 0.59 0.46 1.110 11 0.0264 










0.70 0.39 1.078 11 0.0194 








 0.74 0.36 1.067 11 0.0053 
 
 








 0.34 0.63 1.217 11 0.1233 






  0.22 0.68 1.261 11 0.1489 






  0.42 0.59 1.189 11 0.0458 




   0.04 0.76 1.331 11 0.2581 






  0.41 0.59 1.193 11 0.0498 




   0.47 0.56 1.170 11 0.0114 




   0.10 0.73 1.308 11 0.1769 




   0.06 0.75 1.326 11 0.2374 






  0.57 0.51 1.138 11 0.0144 






  0.07 0.75 1.320 11 0.3053 








 0.54 0.52 1.146 11 0.037 






  0.41 0.59 1.191 11 0.0483 








 0.46 0.57 1.175 11 0.0646 










0.61 0.49 1.125 11 0.0438 








 0.66 0.45 1.107 11 0.014 








 0.28 0.55 1.163 11 0.1616 






  0.30 0.54 1.159 11 0.0979 






  0.37 0.52 1.142 11 0.0647 
 
 




   0.25 0.56 1.171 11 0.0657 






  0.22 0.57 1.178 11 0.1498 




   0.29 0.55 1.162 11 0.0511 




   0.00 0.66 1.244 11 0.5362 




   0.00 0.65 1.237 11 0.3617 






  0.30 0.55 1.160 11 0.1007 






  0 0.68 1.261 11 0.5971 








 0.30 0.54 1.160 11 0.1518 






  0.66 0.38 1.074 11 0.0054 








 0.64 0.39 1.079 11 0.0168 










0.65 0.38 1.076 11 0.0302 








 0.70 0.36 1.065 11 0.009 








 0.31 0.58 1.183 11 0.1463 






  0.26 0.60 1.197 11 0.1238 






  0.39 0.54 1.160 11 0.0573 




   0.13 0.65 1.234 11 0.1454 






  0.33 0.57 1.176 11 0.0824 




   0.40 0.54 1.156 11 0.0216 
 
 




   0.04 0.68 1.262 11 0.2625 




   0.04 0.68 1.262 11 0.2628 






  0.47 0.51 1.137 11 0.0325 






  0.05 0.69 1.273 11 0.402 








 0.46 0.51 1.141 11 0.0275 






  0.56 0.46 1.113 11 0.0155 








 0.57 0.46 1.109 11 0.0297 










0.65 0.41 1.088 11 0.0309 








 0.70 0.38 1.076 11 0.0092 








 0.64 0.48 1.122 11 0.0163 






  0.49 0.58 1.185 11 0.0273 






  0.69 0.46 1.110 11 0.0039 




   0.36 0.65 1.238 11 0.0304 






  0.55 0.54 1.160 11 0.0161 




   0.56 0.54 1.156 11 0.0047 




   0.01 0.81 1.391 11 0.2857 




   0.00 0.86 1.447 11 0.8977 






  0.51 0.57 1.177 11 0.0236 
 
 






  0.00 0.86 1.447 11 0.6174 








 0.50 0.58 1.180 11 0.0494 






  0.46 0.60 1.198 11 0.0352 








 0.52 0.57 1.175 11 0.0453 










0.68 0.46 1.113 11 0.0246 












Table B.6 All tested allometric equations (Dwarf mangrove) Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal diameter (cm), crown area (m2). 
Woody AGB are equations developed for estimating biomass of the trunk and branch compartment. Equations should be calculated as y = (exp (a + b x ln(x1) + c x ln(x2) + d 
x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size, L + I leaves plus inflorescences. Equations in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.93 0.36 1.067 19 <0.0001 






  0.80 0.62 1.214 19 <0.0001 






  0.94 0.35 1.063 19 <0.0001 




   0.81 0.60 1.200 19 <0.0001 






  0.93 0.37 1.073 19 <0.0001 




   0.92 0.39 1.081 19 <0.0001 




   0.72 0.75 1.321 19 <0.0001 




   0.28 1.19 2.040 19 0.0123 






  0.93 0.36 1.067 19 <0.0001 






  0.77 0.67 1.253 19 <0.0001 








 0.94 0.33 1.057 19 <0.0001 






  0.86 0.53 1.150 19 <0.0001 








 0.85 0.55 1.160 19 <0.0001 










0.95 0.31 1.049 19 <0.0001 








 0.95 0.30 1.046 19 <0.0001 
 
 








 0.69 0.78 1.353 19 0.0001 






  0.56 0.93 1.544 19 0.0006 






  0.71 0.76 1.335 19 <0.0001 




   0.58 0.91 1.512 19 <0.0001 






  0.71 0.75 1.329 19 <0.0001 




   0.72 0.74 1.317 19 <0.0001 




   0.55 0.94 1.559 19 0.0002 




   0.57 0.92 1.534 19 <0.0001 






  0.90 0.45 1.107 19 <0.0001 






  0.82 0.59 1.193 19 <0.0001 








 0.90 0.44 1.104 19 <0.0001 






  0.84 0.57 1.173 19 <0.0001 








 0.83 0.58 1.183 19 <0.0001 










0.89 0.46 1.112 19 <0.0001 








 0.90 0.45 1.108 19 <0.0001 








 0.95 0.34 1.060 19 <0.0001 






  0.84 0.61 1.202 19 <0.0001 






  0.95 0.33 1.057 19 <0.0001 
 
 




   0.85 0.59 1.190 19 <0.0001 






  0.94 0.39 1.078 19 <0.0001 




   0.92 0.43 1.096 19 <0.0001 




   0.74 0.78 1.352 19 <0.0001 




   0.19 1.38 2.585 19 0.0365 






  0.92 0.44 1.100 19 <0.0001 






  0.75 0.76 1.332 19 <0.0001 








 0.93 0.39 1.081 19 <0.0001 






  0.86 0.57 1.178 19 <0.0001 








 0.85 0.59 1.190 19 <0.0001 










0.95 0.35 1.062 19 <0.0001 








 0.95 0.34 1.059 19 <0.0001 








 0.93 0.39 1.078 19 <0.0001 






  0.79 0.66 1.246 19 <0.0001 






  0.93 0.38 1.073 19 <0.0001 




   0.80 0.64 1.230 19 <0.0001 






  0.93 0.39 1.081 19 <0.0001 




   0.92 0.41 1.088 19 <0.0001 
 
 




   0.71 0.78 1.356 19 <0.0001 




   0.32 1.19 2.037 19 0.0073 






  0.94 0.34 1.059 19 <0.0001 






  0.78 0.67 1.252 19 <0.0001 








 0.95 0.31 1.050 19 <0.0001 






  0.86 0.53 1.152 19 <0.0001 








 0.86 0.55 1.162 19 <0.0001 










0.96 0.29 1.043 19 <0.0001 








 0.96 0.28 1.041 19 <0.0001 








 0.90 0.42 1.091 19 <0.0001 






  0.78 0.61 1.207 19 <0.0001 






  0.91 0.41 1.086 19 <0.0001 




   0.80 0.60 1.195 19 <0.0001 






  0.89 0.43 1.099 19 <0.0001 




   0.89 0.44 1.103 19 <0.0001 




   0.69 0.74 1.313 19 <0.0001 




   0.16 1.21 2.071 19 0.0479 






  0.88 0.46 1.110 19 <0.0001 
 
 






  0.69 0.73 1.307 19 <0.0001 








 0.89 0.45 1.105 19 <0.0001 






  0.80 0.59 1.194 19 <0.0001 








 0.79 0.61 1.206 19 <0.0001 










0.89 0.43 1.097 19 <0.0001 












Table B.7 All tested allometric equations (Dwarf mangrove – Avicennia marina only) Above-ground biomass (AGB) (kg), height (cm), total stem diameter (cm), basal diameter 
(cm), crown area (m2). Woody AGB are equations developed for estimating biomass of the trunk and branch compartment. Equations should be calculated as y = (exp (a + b x 
ln(x1) + c x ln(x2) + d x ln(x3))) x CF. SE Standard error of variable, CF correction factor, n sample size, L + I leaves plus inflorescences. Equations in bold used in this study. 
AGB Predictors (x1, x2, x3, x4) a (SE) b (SE) c (SE) d (SE) e (SE) Adj-R2 RMSE CF n p 








 0.93 0.37 1.073 14 <0.0001 






  0.91 0.42 1.094 14 <0.0001 






  0.93 0.36 1.066 14 <0.0001 




   0.90 0.43 1.097 14 <0.0001 






  0.91 0.43 1.095 14 <0.0001 




   0.91 0.42 1.094 14 <0.0001 




   0.79 0.63 1.219 14 <0.0001 




   0.21 1.23 2.138 14 0.0553 






  0.94 0.33 1.056 14 <0.0001 






  0.78 0.65 1.233 14 <0.0001 








 0.94 0.35 1.061 14 <0.0001 






  0.91 0.43 1.095 14 <0.0001 








 0.90 0.43 1.097 14 <0.0001 










0.95 0.32 1.051 14 <0.0001 








 0.95 0.30 1.047 14 <0.0001 
 
 








 0.73 0.76 1.334 14 0.001 






  0.75 0.73 1.301 14 0.0002 






  0.70 0.79 1.366 14 0.0005 




   0.72 0.76 1.338 14 <0.0001 






  0.72 0.77 1.343 14 0.0004 




   0.66 0.84 1.427 14 0.0002 




   0.73 0.75 1.326 14 <0.0001 




   0.54 0.98 1.618 14 0.0016 






  0.93 0.40 1.082 14 <0.0001 






  0.87 0.52 1.146 14 <0.0001 








 0.92 0.41 1.088 14 <0.0001 






  0.90 0.47 1.116 14 <0.0001 








 0.90 0.45 1.108 14 <0.0001 










0.91 0.42 1.094 14 <0.0001 








 0.93 0.39 1.079 14 <0.0001 








 0.94 0.39 1.079 14 <0.0001 






  0.90 0.46 1.111 14 <0.0001 






  0.93 0.37 1.072 14 <0.0001 
 
 




   0.90 0.45 1.108 14 <0.0001 






  0.90 0.45 1.105 14 <0.0001 




   0.91 0.43 1.099 14 <0.0001 




   0.77 0.69 1.270 14 <0.0001 




   0.11 1.37 2.542 14 0.1357 






  0.91 0.43 1.099 14 <0.0001 






  0.75 0.72 1.296 14 0.0002 








 0.90 0.45 1.109 14 <0.0001 






  0.89 0.47 1.117 14 <0.0001 








 0.89 0.48 1.120 14 <0.0001 










0.92 0.41 1.087 14 <0.0001 








 0.94 0.39 1.079 14 <0.0001 








 0.92 0.41 1.086 14 <0.0001 






  0.91 0.43 1.096 14 <0.0001 






  0.92 0.39 1.080 14 <0.0001 




   0.90 0.44 1.102 14 <0.0001 






  0.89 0.46 1.110 14 <0.0001 




   0.89 0.47 1.115 14 <0.0001 
 
 




   0.80 0.62 1.209 14 <0.0001 




   0.25 1.21 2.083 14 0.0409 






  0.94 0.34 1.060 14 <0.0001 






  0.80 0.62 1.215 14 <0.0001 








 0.93 0.36 1.066 14 <0.0001 






  0.91 0.42 1.092 14 <0.0001 








 0.91 0.42 1.092 14 <0.0001 










0.94 0.33 1.055 14 <0.0001 








 0.95 0.31 1.050 14 <0.0001 








 0.95 0.31 1.049 14 <0.0001 






  0.89 0.47 1.114 14 <0.0001 






  0.95 0.31 1.048 14 <0.0001 




   0.89 0.45 1.107 14 <0.0001 






  0.94 0.35 1.063 14 <0.0001 




   0.94 0.34 1.058 14 <0.0001 




   0.74 0.70 1.274 14 <0.0001 




   0.12 1.29 2.306 14 0.1224 






  0.95 0.32 1.054 14 <0.0001 
 
 






  0.72 0.73 1.302 14 0.0003 








 0.95 0.32 1.053 14 <0.0001 








 0.88 0.47 1.117 14 <0.0001 








 0.87 0.49 1.126 14 <0.0001 










0.95 0.29 1.044 14 <0.0001 














Table B.8 Comparison of inclusion and exclusion of Aegiceras for selected allometric equations based on 
mangrove harvest data (All mangrove Table B.1, 2; Dwarf mangrove Table B.6, 7). p > 0.05 indicates no 
significant difference between above-ground biomass (AGB) estimates where Aegiceras was included in 
equation development. 
AGB Samples p 
Total All 0.8884 
Total Dwarf mangrove 0.6688 
Trunk Dwarf mangrove 0.6492 
Branch Dwarf mangrove 0.6522 
Woody Dwarf mangrove 0.6656 





Table B.9 All Mangrove quadrat data.  
Site: Currambene Creek, Structure: Tall mangrove, Plot ID: 1, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
620 15.70 32 39 
730 41.51 45 81.5 
710 70.45 48 60.5 
420 8.92 25.5 24 
600 38.59 43 77 
600 38.59 49 84.5 
600 14.97 34.5 31 
540 31.59 30 23.5 
620 35.51 40 39.5 
530 5.92 26 23.5 
540 3.65 24 19 
220 1.17 3 3 
320 3.89 18 25.5 
520 27.99 39.5 40 
220 1.82 4.5 3.5 
410 1.66 7 5.5 
620 55.37 51 57.5 
640 23.77 33.5 34.5 
160 4.20 18.5 6 
450 5.63 30 29 
450 4.33 28 22.2 
450 6.38 49.5 23 
450 6.38 49.5 28 
190 2.48 13.5 2.5 
Site: Currambene Creek, Structure: Tall mangrove, Plot ID: 2, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
320 24.68 76 80.5 
460 43.21 42 66 
400 34.24 33.5 28 
500 19.97 41 60.5 
330 10.60 36 44.5 
500 25.92 44.5 99.5 
560 33.97 49 66 
360 15.82 34 52.5 
380 7.26 32 25.5 
460 17.06 34.5 34 
560 8.42 39 24 
420 14.44 39 24 
450 10.40 26 20.5 
420 11.62 26 33.4 
560 5.55 27 22 
460 10.25 54 40 
370 34.69 41.5 74.6 
460 18.82 40 71 
Site: Currambene Creek, Structure: Tall mangrove, Plot ID: 3, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
720 67.51 50 51.5 
500 41.41 38 59 
600 98.29 59 56 
760 99.97 101 79 
760 99.97 101 77.5 
620 35.05 48.5 41 
580 6.81 30 27.5 
Site: Minnamurra River, Structure: Tall mangrove, Plot ID: 1, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
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620 60.03 61.5 78 
640 60.03 52.5 55.5 
630 51.99 81 120 
450 31.33 45 67.5 
500 25.60 37.5 30 
570 25.60 20 14.5 
490 25.60 21.5 23 
430 3.37 30 13.5 
610 42.50 35 41 
Site: Minnamurra River, Structure: Tall mangrove, Plot ID: 2, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
590 19.09 33 25 
420 21.87 26.5 29 
410 41.51 22 13.5 
570 47.66 30 24.5 
600 41.51 35 46 
380 34.87 35.5 26.5 
460 10.85 28 18.5 
480 7.18 18.5 13 
440 14.68 17.5 24.5 
330 8.92 21.5 6 
420 10.85 22 17 
480 21.15 29 17 
500 12.97 25 18.5 
520 23.33 24 27 
340 17.77 20 15 
460 31.33 30 24 
450 29.64 28 33 
380 14.10 27 20.5 
380 26.39 17.5 15.5 
420 7.60 22 32.5 
400 2.33 10.5 7.5 
450 5.63 17 10.5 
520 5.63 12 8.5 
300 2.83 6 4.5 
460 5.27 12 11.5 
520 2.83 13 10.5 
Site: Minnamurra River, Structure: Tall mangrove, Plot ID: 3, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
700 40.52 61 84 
540 61.23 53 62 
570 47.66 56 64 
610 86.20 78 95.5 
470 45.56 52 86.5 
500 32.20 41 33.5 
490 28.81 40 82 
Site: Cararma Inlet, Structure: Tall mangrove, Plot ID: 1, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
410 4.64 3.75 14.5 
250 19.25 18.5 26 
530 7.70 19 16 
450 4.48 17 12.25 
470 1.72 18 14 
570 9.31 21 15 
240 2.50 9.5 7.5 
460 36.56 51.75 96 
450 21.15 32.5 50.5 
410 1.78 22.25 18.5 
240 5.07 10 7.5 
300 9.29 13.75 8.5 
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400 21.17 37.25 45.75 
340 7.47 24.5 22.5 
430 26.06 29.5 28.5 
200 8.19 26 8 
260 19.37 22.5 20.5 
430 32.07 46.5 72 
280 8.22 19.5 16.5 
225 2.99 24.5 24.5 
260 4.18 28.5 32.5 
60 1.17 2.5 5.5 
150 2.76 5 5 
260 2.22 8.5 11 
170 1.07 6.5 3.5 
230 3.61 7 10 
230 1.71 5.5 7.5 
280 2.67 7.5 9 
350 19.30 43 24 
350 17.65 33.25 23 
520 32.15 21 17.25 
300 10.30 19.5 19.25 
400 13.13 29.5 24.5 
420 3.81 11.5 7.75 
430 5.09 12 9.25 
420 4.71 14.25 13.25 
300 1.22 6 4.25 
Site: Cararma Inlet, Structure: Tall mangrove, Plot ID: 2, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
410 17.86 24 20.5 
680 27.69 34 46 
580 10.75 16.5 13.5 
500 10.16 20.25 19 
700 31.48 32 29 
640 27.73 39 31 
510 19.86 29 22 
500 15.91 21.5 19.5 
520 35.75 27.5 25.25 
460 4.59 19.25 16 
120 2.83 12.5 6.5 
175 2.80 4.5 3.5 
520 52.91 41 39 
540 49.71 32 33 
360 17.65 27.5 25 
480 20.38 27 27.5 
500 34.91 33 29 
480 41.70 30 28 
520 24.64 19.5 18.5 
520 6.99 17.5 24 
Site: Cararma Inlet, Structure: Tall mangrove, Plot ID: 3, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
420 18.73 42 29 
370 10.05 38 21 
500 28.54 34 32 
230 10.11 31 25 
680 39.58 26 24 
680 27.33 30 27 
370 5.11 28 17 
420 14.82 28 22 
570 16.49 37 23 
540 13.15 21 24 
600 33.11 33 37 
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570 4.45 19 18 
390 11.40 25 18 
670 21.11 22 20 
610 8.52 18 15 
360 3.53 8 7 
580 12.75 20 21 
530 9.30 17 15 
550 16.12 22 18 
580 6.13 15 14 
270 3.13 14 13 
Site: Hunter River, Structure: Tall mangrove, Plot ID: 1, Plot area: 20 x 20 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
750 9.86 19.5 18 
760 10.85 21 19 
770 12.97 21.5 19.5 
540 1.49 15.5 14.5 
790 9.86 29 27 
820 31.33 35.5 28 
840 12.97 18 16.5 
420 0.47 9.5 7.5 
860 21.15 31 28 
1120 31.33 36 46 
1000 29.64 27 25.5 
840 11.36 17.5 16.5 
600 2.83 8 7 
550 33.97 30 31 
680 1.14 6.5 5.5 
580 4.59 8.5 8 
940 6.00 15.5 13.5 
840 7.18 14.5 13 
760 6.00 10.5 9.5 
560 0.83 6 5 
560 3.95 6.5 6 
820 3.65 16 9.5 
520 4.92 8.5 6 
660 3.09 11 9 
940 2.83 16 14 
440 0.70 6 5 
940 8.03 10 9.5 
550 0.98 8 6.5 
580 1.31 6.5 5 
920 3.65 17 15 
680 7.18 12 9.5 
470 6.00 7.5 5.5 
640 2.33 11 9.5 
680 1.49 7 5.5 
640 2.57 9 7.5 
640 0.47 8.5 6.5 
730 0.83 9 7 
960 1.89 13.5 11.5 
720 0.70 9 7 
860 10.35 22.5 15.5 
1080 2.83 19 17.5 
980 12.42 18 14.5 
990 3.95 24 21.5 
600 0.47 7 6.5 
950 1.68 11 10.5 
440 1.68 7.5 6 
700 0.83 12 11 
800 5.27 11.5 10 
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1040 17.13 26.5 22 
520 8.47 12.5 10 
780 0.70 11.5 10 
800 4.92 12.5 11.5 
860 14.10 20 17.5 
540 24.83 16.5 14 
580 37.64 17 14.5 
1140 8.03 33 40.5 
860 3.37 17 13.5 
1080 17.13 28.5 38.5 
740 1.68 12 12 
1060 24.07 31 27 
900 19.09 39 38.5 
680 0.83 12.5 12 
1120 12.97 27 36 
800 3.65 14 12 
1020 2.33 18.5 15 
720 0.28 9.5 7.5 
980 1.89 13 10 
1020 4.26 21 17 
580 0.58 10 7.5 
880 3.95 14.5 15 
480 0.83 6.5 5.5 
1150 1.14 16 12.5 
520 2.10 10 7.5 
1020 16.50 24 30 
960 1.89 17.5 16 
1140 2.33 17 16.5 
1120 3.95 18 16 
1100 5.27 16.5 15 
Site: Hunter River, Structure: Tall mangrove, Plot ID: 2, Plot area: 10 x 10 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
600 17.13 23 10 
600 17.77 36 26 
460 3.65 13.5 11 
600 8.92 23 31 
500 2.33 13 9 
480 3.09 9.5 7 
480 10.35 13.5 9 
550 2.10 10.5 9 
450 1.31 9 7 
360 1.49 11.5 4 
460 5.63 18 12 
340 1.14 5.5 3 
520 12.42 13 9 
500 14.10 17 21 
460 1.68 8.5 7 
560 4.26 16 13 
590 5.63 13 11 
640 3.09 14.5 12 
520 2.33 10.5 9 
500 8.47 22 25 
500 2.10 10.5 9 
540 1.89 14.5 8.5 
580 3.09 9 9 
460 0.14 8.5 5.5 
480 3.09 8.5 7 
540 1.49 10 8 
480 1.49 9 8 
520 0.70 10.5 7.5 
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580 0.47 9 6.5 
570 4.26 12.5 9 
460 0.58 8.5 6 
380 1.49 6 8 
460 1.68 8 7.5 
520 2.10 13 9 
240 0.70 7.5 4.5 
460 1.89 11 7.5 
Site: Hunter River, Structure: Tall mangrove, Plot ID: 3, Plot area: 10 x 10 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
620 24.07 37 34 
1100 4.59 25 19 
600 7.60 11 9 
900 3.95 15 14.5 
950 13.53 20 18 
940 4.92 18.5 14.5 
660 2.33 12.5 10 
900 1.68 18.5 15.5 
440 0.83 10 8 
520 2.10 8.5 9 
1020 6.38 27 28 
870 27.99 47 34 
680 10.85 23 19 
1040 6.77 29 23 
880 1.68 13 9.5 
990 5.63 18 15 
860 0.98 18 12 
980 0.70 18.5 15 
360 0.83 13.5 7.5 
880 11.88 25 19 
920 27.18 45 39.5 
970 9.86 37 24.5 
870 15.27 40 21 
Site: Currambene Creek, Structure: Shrub mangrove, Plot ID: 1, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
110 0.48 2 2 
200 0.33 4 4 
160 0.21 2 2 
120 0.14 1.5 1.5 
140 0.21 2 2 
170 1.09 3.5 3.5 
220 0.23 3 3 
400 1.31 7 8.5 
260 0.59 4.5 2.5 
200 0.28 3 3 
110 0.61 2 2 
350 1.15 6 5 
410 3.37 10 7.5 
360 1.15 7 5.5 
280 1.99 7.5 8.5 
380 0.60 6.5 4.5 
190 1.58 3.5 3.5 
370 0.52 5 4 
210 0.47 4 4 
110 0.20 1.5 1.5 
150 1.41 3.5 3.5 
250 0.86 4 3 
120 0.18 2.5 2.5 
220 0.39 4 4 
200 1.06 5 5 
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310 0.31 4.5 2.5 
210 0.30 3.5 3.5 
70 0.17 1 1 
180 1.06 3.5 3.5 
230 0.96 4 4 
190 0.24 2.5 2.5 
210 0.42 4.5 4.5 
360 1.58 8 5.5 
170 0.36 3 3 
170 0.53 3 3 
270 0.99 6 6 
220 0.56 3.5 3.5 
290 0.30 5.5 4 
190 0.44 1.5 1.5 
160 0.12 1.5 1.5 
280 0.60 5.5 4.5 
450 1.97 8.5 6.5 
310 0.76 7.5 7 
Site: Currambene Creek, Structure: Shrub mangrove, Plot ID: 2, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
250 1.58 6 5.5 
280 0.53 6.5 4.5 
160 1.41 3.5 3.5 
170 0.55 3 3 
260 1.25 7.5 8 
230 0.55 5.5 5 
250 0.42 5.5 4.5 
260 0.24 6 4.5 
190 0.37 4 4 
300 0.39 5 3 
230 0.76 5.5 8.5 
300 1.03 5.5 5 
170 1.78 3 3 
180 0.10 2.5 2.5 
260 0.67 8 7 
100 0.10 2 2 
250 0.15 4.5 2.5 
330 0.38 4 2 
280 0.36 5.5 4.5 
260 0.72 3.5 2.5 
310 4.30 10 18 
110 0.03 2 2 
120 0.36 2 2 
170 0.08 2.5 2.5 
270 0.16 4.5 2 
130 0.37 2.5 2.5 
220 0.33 3.5 3.5 
280 0.37 4 2.5 
200 0.98 2.5 2.5 
260 1.89 5.5 6.5 
280 0.09 3.5 2.5 
230 0.70 4.5 3 
120 0.47 3.5 3.5 
140 1.31 3.5 3.5 
180 1.06 3.5 3.5 
260 0.20 5 2.5 
150 0.70 4.5 4.5 
270 0.83 5.5 5 
230 2.57 9 20.5 
150 0.37 2.5 2.5 
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270 0.20 4.5 2.5 
230 0.28 4.5 2.5 
140 0.20 3 3 
210 0.98 7.5 12.5 
250 0.37 6 6 
Site: Currambene Creek, Structure: Shrub mangrove, Plot ID: 3, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
220 3.09 8 15.5 
130 0.47 2 2 
210 1.14 4.5 6 
270 3.65 11 19.5 
300 0.58 6.5 4 
230 0.20 3.5 2 
380 1.49 7.5 5.5 
380 6.38 12 22.5 
420 8.47 13.5 20 
220 0.20 4 2.5 
450 1.31 7.5 5.5 
200 0.14 3.5 3.5 
Site: Minnamurra River, Structure: Shrub mangrove, Plot ID: 1, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
230 0.27 3.5 2 
220 0.25 4.3 2.5 
260 1.84 8 12.5 
260 1.21 6 4.5 
210 0.09 3 2 
240 0.61 6 4 
250 0.79 6 4.5 
240 0.75 4.5 4.5 
240 6.38 19 25.5 
190 2.14 7 32.5 
140 0.09 4 4 
200 1.34 5 24 
180 1.10 5.5 10 
210 1.41 5.5 14 
170 1.60 7.5 15 
190 0.42 4.5 4.5 
200 1.21 7.5 18.5 
240 0.63 4.5 3 
200 0.16 3 2 
210 1.13 5 4 
260 1.13 5 3 
170 0.57 5 5 
260 1.54 5.5 4.5 
160 0.16 3.5 2.5 
130 0.19 3 2 
180 0.35 3.5 6.5 
150 0.28 5.5 8.5 
150 1.10 4 19 
130 0.38 2 5.5 
200 1.26 3.5 25.5 
160 0.38 3 9.5 
130 0.35 2 5.5 
150 0.33 2 12.5 
170 0.38 4.5 7 
180 0.71 5.5 12 
160 0.27 3 5.5 
150 0.33 3 3 
Site: Minnamurra River, Structure: Shrub mangrove, Plot ID: 2, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
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200 1.53 7.5 5.5 
190 0.75 5 3.5 
200 1.34 7 4 
190 0.94 6.5 3 
140 1.70 9 7 
160 0.63 3 2.5 
280 1.26 6 7 
240 1.43 8 6 
250 1.33 7 5 
350 4.71 11.5 7 
210 1.41 7 5 
280 0.64 8 4 
290 2.47 9.5 5.5 
180 0.11 3.5 2 
320 3.53 11 6.5 
280 1.30 6 4 
270 1.23 8 4 
310 3.43 13 6 
180 0.52 6.5 3.5 
280 1.98 10 11.5 
90 1.06 4.5 2.5 
210 1.23 6.5 4 
Site: Minnamurra River, Structure: Shrub mangrove, Plot ID: 3, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
260 5.07 16 15.5 
120 1.02 6 2 
80 0.86 4.5 2 
180 1.79 14 10 
210 2.04 12.5 4.5 
220 3.68 14 12.5 
220 2.97 16 9 
190 2.25 9 11 
200 0.88 9 3.5 
150 0.94 9 3 
160 1.63 7 8 
190 1.06 12 9.5 
160 0.49 5 2 
150 0.66 8 3 
140 0.19 7.5 2.5 
170 0.66 9 3 
160 0.50 5.5 3 
140 0.22 7 2 
220 1.74 14 9 
230 2.69 11 9 
230 2.94 19 5.5 
Site: Cararma Inlet, Structure: Shrub mangrove, Plot ID: 1, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
40 0.78 2.5 1.75 
220 6.27 13 22.5 
150 0.71 5.5 6.5 
230 7.85 15.75 23.75 
200 2.39 8 7 
30 0.16 2.5 1.5 
150 0.79 5 3.5 
200 3.13 9 13.5 
Site: Cararma Inlet, Structure: Shrub mangrove, Plot ID: 2, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
110 1.86 5.5 4.5 
60 1.07 4 1.75 
300 7.27 12 25.75 
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180 16.02 16.5 19.5 
320 7.67 14 21 
270 3.16 10.5 15 
190 0.79 4 5 
310 0.88 15.5 12 
300 9.01 7.75 22.5 
Site: Cararma Inlet, Structure: Shrub mangrove, Plot ID: 3, Plot area:5 x 5 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
250 0.71 10 9 
310 2.97 12 22 
320 2.35 11 8 
300 1.01 10 7 
320 2.53 12 11 
310 0.35 8 5 
300 2.14 10 6 
140 1.13 6 5 
280 2.17 8 9 
Site: Currambene Creek, Structure: Dwarf mangrove, Plot ID: 1, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
50 0.02 2 1 
60 0.07 2.5 1 
50 0.05 2.5 3 
50 0.03 1 1 
50 0.02 1.5 1 
60 0.03 2 1 
60 0.01 2 2 
70 0.07 2 1 
60 0.02 2.5 1 
50 0.01 1.5 1.5 
50 0.02 2 1 
50 0.03 2.5 1 
60 0.04 2.5 2 
60 0.03 2 2 
60 0.46 12.5 12 
50 0.08 5.5 4 
60 0.03 1.5 1 
60 0.08 11.5 6 
50 0.02 2 2 
50 0.13 8.5 6 
40 0.05 3.5 4 
70 0.28 6.5 8 
70 0.09 7 4 
70 0.17 5 2 
60 0.14 6 6 
50 0.00 3.5 1 
50 0.28 11.5 8 
50 0.02 2.5 1 
50 0.05 3.5 1 
40 0.00 1 1 
50 0.02 2 3 
50 0.07 4 1 
60 0.09 3 2 
40 0.00 1.5 1 
50 0.03 2.5 3 
70 0.37 8.5 4 
60 0.32 5 4 
80 0.24 6.5 6 
70 0.03 4.5 4 
60 0.28 8.5 8 
70 0.02 2 2 
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50 0.00 3 3 
40 0.02 1.5 1 
60 0.14 2.5 1 
50 0.05 4 2 
50 0.01 2.5 2 
50 0.03 1.5 1 
60 0.02 2.5 2 
40 0.01 2 1 
40 0.01 1.5 1 
50 0.02 3 1 
60 0.02 3.5 2 
50 0.03 2 1 
40 0.02 3.5 2 
50 0.07 3.5 1 
50 0.00 1 1 
60 0.39 10 12 
70 0.06 3.5 1 
40 0.02 1 1 
30 0.02 1 1 
60 0.31 8 4 
50 0.05 2 2 
50 0.01 1.5 1 
60 0.00 1 1 
50 0.01 1.5 1 
50 0.04 2 2 
50 0.01 1.5 1 
60 0.01 1 1 
60 0.04 2 2 
60 0.05 2 2 
40 0.01 1 1 
50 0.03 2 1 
60 0.07 4 6 
60 0.08 4 6 
50 0.02 2 2 
60 0.18 6 6 
60 0.08 3.5 3 
70 0.08 7.5 8 
80 0.26 5.5 6 
Site: Currambene Creek, Structure: Dwarf mangrove, Plot ID: 2, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
40 0.04 2 2 
50 0.16 3.5 3 
60 0.06 2 2 
70 0.18 3.5 3 
60 0.03 2 1 
50 0.01 1.5 1 
100 0.35 3 2 
50 0.19 2.5 2 
40 0.03 2 1 
70 0.24 3.5 3 
30 0.00 1 1 
50 0.10 2 2 
80 0.15 3 3 
60 0.10 1.5 1 
20 0.00 1 1 
40 0.03 2 1 
30 0.02 1 1 
30 0.02 1.5 1 
20 0.04 2 1 
40 0.06 2 2 
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40 0.03 2 2 
70 0.10 2 2 
40 0.03 1 1 
70 0.06 2 2 
80 0.20 2.5 2 
50 0.00 1.5 1 
30 0.01 1.5 1 
30 0.03 1.5 1 
40 0.06 2 2 
100 0.17 3 2 
100 0.25 3 1 
30 0.03 3 1 
80 0.13 2.5 2 
40 0.11 1.5 1 
40 0.08 2 2 
50 0.18 2.5 3 
40 0.08 2.5 2 
40 0.03 2 3 
50 0.03 2 1 
50 0.07 2 2 
40 0.03 1.5 2 
60 0.26 2.5 5 
30 0.03 1 1 
30 0.02 1.5 2 
40 0.01 2 3 
40 0.01 1.5 1 
30 0.04 2.5 1 
30 0.03 2 1 
30 0.01 1.5 1 
40 0.05 2 2 
50 0.03 2 2 
50 0.03 1.5 3 
40 0.02 1.5 2 
30 0.02 1.5 4 
50 0.11 1 3 
60 0.14 2 3 
50 0.07 2.5 3 
40 0.01 1.5 1 
30 0.02 2 2 
30 0.05 1.5 3 
110 0.75 3.5 10 
40 0.03 1 2 
30 0.18 1.5 2 
40 0.12 2 4 
50 0.09 1.5 4 
30 0.01 1.5 2 
50 0.18 2.5 5 
30 0.05 2.5 3 
60 0.18 2.5 2 
Site: Currambene Creek, Structure: Dwarf mangrove, Plot ID: 3, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
50 0.10 2 1 
40 0.02 1.5 1 
40 0.03 1.5 1 
60 0.14 10 8 
50 0.05 1.5 1 
40 0.07 6 4 
50 0.02 1 2 
50 0.01 1 1 
50 0.01 1.5 2 
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60 0.06 2 2 
40 0.11 2 2 
20 0.00 2 2 
50 0.15 3 2 
40 0.08 1 2 
50 0.08 1.5 2 
50 0.07 2 3 
40 0.08 2 1 
30 0.00 1 1 
40 0.02 1.5 1 
60 0.08 2 2 
60 0.06 1.5 1 
30 0.03 1 1 
40 0.06 2 2 
30 0.01 1.5 1 
40 0.04 1.5 1 
40 0.04 1.5 1 
60 0.11 2 2 
40 0.01 1 2 
60 0.20 3 3 
40 0.01 2 1 
40 0.05 1 1 
70 0.10 2.5 2 
40 0.05 1 1 
30 0.01 1 1 
40 0.01 1 2 
30 0.02 1 1 
30 0.02 1.5 1 
40 0.06 1.5 3 
30 0.06 2 3 
60 0.17 3 4 
40 0.01 1.5 1 
20 0.07 2 3 
30 0.02 1.5 1 
40 0.04 2 1 
40 0.15 3 4 
40 0.08 1.5 3 
40 0.01 1 1 
80 0.14 2.5 3 
30 0.01 2 3 
40 0.04 2.5 2 
50 0.09 2 3 
40 0.14 2 2 
60 0.17 2 3 
40 0.01 1.5 2 
30 0.03 1.5 2 
50 0.08 2 3 
40 0.01 1.5 1 
40 0.02 2 1 
40 0.03 2 1 
70 0.07 2 1 
30 0.05 1.5 1 
60 0.14 4.5 4 
40 0.06 2 3 
70 0.21 2.5 2 
70 0.02 2.5 3 
60 0.00 1 1 
70 0.14 2 4 
30 0.01 1 1 
40 0.14 2 3 
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30 0.00 1 1 
40 0.03 1.5 3 
50 0.06 1.5 3 
40 0.02 1.5 3 
30 0.03 1.5 2 
60 0.10 7 5 
30 0.04 1.5 3 
30 0.01 1 1 
50 0.02 1.5 1 
50 0.03 1.5 3 
50 0.06 2 3 
30 0.01 1.5 1 
30 0.02 1.5 1 
30 0.01 1 1 
40 0.12 2 4 
50 0.12 2.5 5 
50 0.07 1 2 
50 0.08 2 4 
30 0.01 1.5 2 
40 0.04 1.5 2 
50 0.07 2 3 
40 0.06 2 3 
30 0.01 1 2 
Site: Minnamurra River, Structure: Dwarf mangrove, Plot ID: 1, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
110 1.99 25 14 
80 0.44 6 4.5 
50 0.06 3.5 3.5 
60 0.31 7 6.5 
50 0.09 4.5 4.5 
70 0.35 2 2 
80 0.20 3.5 3.5 
50 0.06 2 2 
60 0.63 9 5 
90 0.75 10 8 
70 0.31 7.5 3 
80 0.35 9.5 6.75 
80 0.47 14 10.5 
120 1.41 12 17 
Site: Minnamurra River, Structure: Dwarf mangrove, Plot ID: 2, Plot area:1 x 1 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
80 0.03 1.5 1.5 
110 0.05 2.5 2.5 
80 0.02 1.5 1.5 
80 0.01 1.5 1.5 
90 0.02 1.5 1.5 
100 0.02 1.5 1.5 
110 0.01 1.5 1.5 
120 0.12 8.5 10 
100 0.07 4 3 
110 0.02 2 3 
110 0.09 11 4.5 
110 0.31 17 18 
100 0.01 1.5 1.5 
90 0.02 1.5 1.5 
100 0.01 1.5 1.5 
80 0.01 1.5 1.5 
100 0.02 2.5 3 
90 0.02 3 3 
110 0.02 2.5 2.5 
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110 0.06 5.5 4 
100 0.05 9.5 12 
100 0.03 3.5 2 
90 0.03 2.5 2 
100 0.05 2.5 2.5 
120 0.06 12 12 
120 0.09 4 4 
100 0.02 2 2 
110 0.05 2.5 2.5 
110 0.02 2.5 2 
Site: Minnamurra River, Structure: Dwarf mangrove, Plot ID: 3, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
90 0.27 7.5 9 
130 0.08 6.5 6 
120 0.09 5 5 
110 0.20 8 10 
130 0.27 20 35 
110 0.31 23 30 
80 0.06 10 8 
90 0.38 13.5 10.5 
110 0.02 3 3 
90 0.14 3.5 6 
80 0.06 4.5 4.5 
80 0.13 8 9 
100 0.16 4.5 4.5 
110 0.16 7 6 
120 0.57 30 48 
110 0.03 7 4 
100 0.05 7 8 
100 0.05 4.5 4.5 
100 0.02 4 4 
110 0.12 9 9 
100 0.05 4 4 
80 0.05 3 3 
90 0.08 6 5 
100 0.08 6 4 
70 0.01 2.5 2.5 
80 0.01 5.5 5.5 
70 0.05 5 5 
100 0.38 8.5 13.5 
70 0.02 3 3 
100 0.06 5.5 5.5 
80 0.05 5 6 
120 0.12 9 10 
100 0.14 4.5 4.5 
100 0.09 5.5 5.5 
100 0.22 7.5 7 
120 0.33 6 6 
100 0.03 4 4 
110 0.16 6.5 6.5 
90 0.02 6 6 
140 0.13 7 7 
120 0.27 10 8 
100 0.24 12 12 
120 0.12 5 5 
90 0.22 12.5 20 
120 0.05 3.5 3.5 
120 0.14 5.5 6 
160 0.42 10.5 16 
120 0.20 11 9 
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80 0.02 5 5 
Site: Cararma Inlet, Structure: Dwarf mangrove, Plot ID: 1, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
120 2.33 6.5 11 
90 0.20 1.75 1.75 
65 0.63 6 3 
70 0.20 2 5.5 
135 2.98 17 9 
145 0.48 5 6.5 
120 0.41 3.5 4 
135 1.68 7.5 11.25 
70 0.19 4 3.5 
75 0.37 3.5 4.5 
75 0.34 3 3.5 
Site: Cararma Inlet, Structure: Dwarf mangrove, Plot ID: 2, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
80 1.39 7.25 6 
110 3.67 11.5 11.75 
80 0.46 4.75 2 
55 0.91 6.5 5.25 
115 1.51 7.5 13 
Site: Cararma Inlet, Structure: Dwarf mangrove, Plot ID: 3, Plot area:3 x 3 m 
Height (cm) Crown area (m2) Basal diameter (cm) Total stem diameter (cm) 
60 0.05 1.5 1.5 
40 0.02 1.5 1.5 
40 0.05 1.5 1.5 
65 0.61 3 3 
65 0.16 3 3 
60 0.35 3.5 3.5 
80 0.27 3.5 3.5 
70 0.25 3 3 
70 0.31 3 3 
40 0.03 3 3 
70 0.66 5 5 
90 0.94 4 4 
50 0.09 3 3 
50 0.16 2.5 2.5 
70 0.39 2.5 2.5 
100 0.94 4 4 
95 2.47 12 12 





Table B.10 Carbon density (% C) of harvested mangroves (B.1) for each vegetation structure. 
 Carbon density (% C) 
 Trunk Branch Leaves plus inflorescences 
Tall mangrove 47.4 47.3 45.7 
Shrub mangrove 46.7 48.8 47.3 
Dwarf mangrove 
(Avicennia) 
46.6 49.0 45.2 
Dwarf mangrove 
(Aegiceras) 




Appendix C: Supplementary material to Chapter 5  
Table C.1 Leica ScanStation C10 settings for data acquisition. 
Field-of-view Horizontal (360°) Vertical (270°) 
Range 100 m 
Scan resolution (point spacing) 1 cm at 10 m 
Wavelength 532 nm 
Hemispherical photo resolution 1920 x 1920 pixels 
 
Table C.2 Allometric equations used to calculate woody AGB, leaf plus inflorescence AGB and total AGB 
for each mangrove from Chapter 4. Above-ground biomass (kg), height (cm), total stem diameter (cm), 
crown area (m2). L + I leaves plus inflorescences. 










Woody y = (exp (-5.4872 + 0.9670 x ln(height) + 0.8497 x ln(total stem diameter) + 
0.3463 x ln(crown area))) x 1.0287 
L + I y = (exp (-7.4608 + 0.9191 x ln(height) + 0.8898 x ln(total stem diameter) + 
0.3647 x ln(crown area))) x 1.0463 
Total y = (exp (-5.3711 + 0.9652 x ln(height) + 0.8527 x ln(total stem diameter) + 











Woody y = (exp (-9.4523 + 1.6262 x ln(height) + 0.8746 x ln(total stem diameter) + 
0.4832 x ln(crown area))) x 1.0759 
L + I y = (exp (-7.0361 + 0.8453 x ln(height) + 0.9851 x ln(total stem diameter) + 
0.7341 x ln(crown area))) x 1.0974 
Total y = (exp (-8.6707 + 1.5066 x ln(height) + 0.9014 x ln(total stem diameter) + 










Woody y = (exp (-4.9665 + 0.9173 x ln(height) + 0.3478 x ln(total stem diameter) + 
0.9869 x ln(crown area))) x 1.0406 
L + I y = (exp (-2.5089 + 0.1214 x ln(height) + 0.3623 x ln(total stem diameter) + 
0.9432 x ln(crown area))) x 1.0915 
Total y = (exp (-3.7141 + 0.6959 x ln(height) + 0.3698 x ln(total stem diameter) + 





Table C.3 Statistical analysis of rasterised volume method to determine if interpolating empty cells 
significantly changed calculated volumes. Where p > 0.05 interpolating of empty cells did not significantly 
change calculated volume. 
Species DSM Cell size p 
Sporobolus virginicus Maximum height 1cm 0.1599 
2cm 0.6748 
5cm 0.9675 
Average height 1cm 0.122 
2cm 0.6167 
5cm 0.9678 
Juncus kraussii Maximum height 1cm 0.2755 
2cm 0.5718 
5cm 0.9467 
Average height 1cm 0.1765 
2cm 0.4659 
5cm 0.9313 
Samolus repens Maximum height 1cm 0.4499 
2cm 0.8446 
5cm 0.9722 
Average height 1cm 0.4092 
2cm 0.6325 
5cm 0.9785 
Sarcocornia quinqueflora Maximum height 1cm 0.0004 
2cm 0.2585 
5cm 0.9357 







Table C.4 Statistical analysis of rasterised volume method to determine if cell size influenced calculated 
volume. All cell size variations were tested (1cm, 2cm, 5cm). Where p > 0.05 cell size did not significantly 
change calculated volume.  
Species DSM DSM interpolation p 
Sporobolus virginicus Maximum height Yes 0.0076 
No 0.0006 
Average height Yes 0.1264 
No 0.0098 
Juncus kraussii Maximum height Yes 0.1623 
No 0.0408 
Average height Yes 0.4564 
No 0.0834 
Samolus repens Maximum height Yes 0.0001 
No 0.0001 
Average height Yes 0.04 
No 0.0194 
Sarcocornia quinqueflora Maximum height Yes 0.0006 
No 0.0001 






Table C.5 Linear models for Sporobolus virginicus using raster volume method. AGB (g). Bold indicates 
optimised model. 




AGB = 249 + (93093 x 1cm max height interpolated) 0.41 
(0.46) 
401 0.0153 
AGB = 511 + (87653 x 1cm max height non interpolated) 0.46 
(0.51) 
385 0.0094 
AGB = 322 + (95690 x 1cm average height interpolated) 0.32 
(0.38) 
430 0.0324 
AGB = 513 + (100078 x 1cm average height non interpolated) 0.43 
(0.48) 
394 0.0124 
AGB = 227 + (79507 x 2cm max height interpolated) 0.43 
(0.49) 
392 0.0118 
AGB = 332 + (75926 x 2cm max height non interpolated) 0.46 
(0.51) 
384 0.0095 
AGB = 312 + (89561 x 2cm average height interpolated) 0.32 
(0.38) 
429 0.0316 
AGB = 369 + (90886 x 2cm average height non interpolated) 0.38 
(0.44) 
410 0.0195 
AGB = 151 + (62455 x 5cm max height interpolated) 0.42 
(0.47) 
397 0.0136 
AGB = 142 + (63336 x 5cm max height non interpolated) 0.42 
(0.47) 
397 0.0135 
AGB = 587 + (47541 x 5cm average height interpolated) 0.14 
(0.21) 
484 0.1302 







Table C.6 Linear models for Juncus kraussii using raster volume method. AGB (g). Bold indicates 
optimised model. 




AGB = 805 + (16748 x 1cm max height interpolated) 0.39 
(0.44) 
510 0.0185 
AGB = 1159 + (12657 x 1cm max height non interpolated) 0.29 
(0.35) 
550 0.0423 
AGB = 735 + (21103 x 1cm average height interpolated) 0.38 
(0.44) 
513 0.0196 
AGB = 1132 + (16397 x 1cm average height non interpolated) 0.30 
(0.36) 
546 0.0387 
AGB = 796 + (15019 x 2cm max height interpolated) 0.39 
(0.45) 
508 0.0177 
AGB = 1021 + (12443 x 2cm max height non interpolated) 0.32 
(0.38) 
536 0.0319 
AGB = 716 + (20583 x 2cm average height interpolated) 0.40 
(0.45) 
505 0.0167 
AGB = 965 + (17518 x 2cm average height non interpolated) 0.34 
(0.40) 
527 0.0264 
AGB = 762 + (11751 x 5cm max height interpolated) 0.36 
(0.42) 
519 0.0224 
AGB = 783 + (11607 x 5cm max height non interpolated) 0.37 
(0.43) 
517 0.0213 
AGB = 663 + (18073 x 5cm average height interpolated) 0.41 
(0.46) 
500 0.0148 







Table C.7 Linear models for Samolus repens using raster volume method. AGB (g). Bold indicates 
optimised model. 




AGB = -32 + (46808 x 1cm max height interpolated) 0.53 
(0.58) 
148 0.0043 
AGB = 95 + (40536 x 1cm max height non interpolated) 0.54 
(0.58) 
147 0.0040 
AGB = -28 + (57174 x 1cm average height interpolated) 0.57 
(0.51) 
142 0.0028 
AGB = 82 + (51996 x 1cm average height non interpolated) 0.61 
(0.64) 
135 0.0017 
AGB = -84 + (42455 x 2cm max height interpolated) 0.53 
(0.57) 
149 0.0045 
AGB = -35 + (40022 x 2cm max height non interpolated) 0.51 
(0.56) 
151 0.0053 
AGB = -32 + (54162 x 2cm average height interpolated) 0.62 
(0.65) 
134 0.0014 
AGB = 154 + (39842 x 2cm average height non interpolated) 0.59 
(0.63) 
138 0.0021 
AGB = -199 + (34898 x 5cm max height interpolated) 0.46 
(0.51) 
159 0.0088 
AGB = -191 + (34626 x 5cm max height non interpolated) 0.47 
(0.52) 
158 0.0083 
AGB = -18 + (41564 x 5cm average height interpolated) 0.63 
(0.66) 
132 0.0013 







Table C.8 Linear models for Sarcocornia quinqueflora using raster volume method. AGB (g). Bold 
indicates optimised model. 
























































Table C.9 Stepwise linear models developed for point cloud elevation histogram of mangrove (A.marina). 
AGB (kg). Bold indicates optimised model. 




AGB = -230 + (1.05 x range) 692 0.76 
(0.77) 
151 <0.0001 





AGB = -91 - (0.0001 x number of points) + (0.0000007 x 




AGB = -55 - (1.5 x mean) - (0.0001 x number of points) + 




AGB = -47 - (1.5 x mean) - (1.7 x standard deviation) - 
(0.0001 x number of points) + (0.0000006 x sum of points) + 




AGB = -61 - (6.8 x mean) - (3.8 x standard deviation) - 
(0.0001 x number of points) + (0.0000005 x sum of points) + 




AGB = -88 - (8.8 x mean) - (6.8 x standard deviation) - 
(0.0001 x number of points) + (0.0000005 x sum of points) + 





AGB = -2.6 - (11 x mean) - (10 x standard deviation) - 
(0.0001 x number of points) + (0.0000004 x sum of points) 
+ (0.02 x variance) + (8.9 x median) + (2.6 x range) + (3.8 





Table C.10 Stepwise linear models developed for point cloud elevation histogram of Tecticornia arbuscula. 
AGB (g). Bold indicates optimised model. 




AGB = -885 + (157 x median absolute deviation) 74 0.71 
(0.78) 
323 0.0467 














Table C.11 Stepwise linear models developed for point cloud elevation histogram of Sporobolus virginicus. 
AGB (g). Bold indicates optimised model. 




AGB = -158 + (55 x range) 183 0.43 
(0.48) 
395 0.0128 
AGB = 4 + (95 x mean) + (946 x skewness) 181 0.55 
(0.63) 
350 0.0113 
AGB = -4049 + (2002 x standard deviation) - (284 x 




AGB = -4061 + (3269 x standard deviation) - (292 x 





AGB = -3350 + (3582 x standard deviation) - (252 x 
variance) + (644 x skewness) - (414 x kurtosis) - (1979 x 




AGB = -2273 + (4497 x standard deviation) - (1.24 x number 
of points) + (0.13 x sum of points) + (954 x skewness) - (395 




AGB = -1292 - (268 x mean) + (6279 x standard deviation) - 
(1.17 x number of points) + (0.09 x sum of points) - (264 x 





AGB = -1036 - (311 x mean) + (6744 x standard deviation) - 
(1.3 x number of points) + (0.1 x sum of points) - (264 x 
variance) - (179 x skewness) - (1722 x kurtosis) - (5802 x 




AGB = -3184 + (1754 x mean) + (7846 x standard 
deviation) - (0.8 x number of points) - (335 x variance) - 
(4066 x skewness) - (4588 x kurtosis) - (2687 x median) + 








Table C.12 Stepwise linear models developed for point cloud elevation histogram of Juncus kraussii. AGB 
(g). Bold indicates optimised model. 




AGB = -380 + (27 x range) 190 0.31 
(0.38) 
539 0.0339 
AGB = 76 + (0.02 x number of points) + (19 x range) 191 0.36 
(0.47) 
523 0.0562 
AGB = 521 + (181 x standard deviation) + (0.05 x number 




AGB = -2834 + (651 x standard deviation) + (0.06 x 





AGB = -3343 + (819 x standard deviation) + (0.001 x sum 





AGB = -4550 + (1062 x standard deviation) + (0.002 x sum 
of points) - (24 x variance) + (480 x kurtosis) - (40 x 




AGB = -13959 + (301 x mean) + (3067 x standard 
deviation) + (0.004 x sum of points) - (79 x variance) + 




AGB = -16326 + (3835 x standard deviation) + (0.3 x 
number of points) - (109 x variance) + (7303 x skewness) + 
(1920 x kurtosis) + (631 x median) - (612 x range) + (529 x 




AGB = -24764 + (541 x mean) + (5485 x standard 
deviation) + (0.37 x number of points) - (154 x variance) + 
(8860 x skewness) + (1925 x kurtosis) + (393 x median) - 




AGB = -44254 + (1231 x mean) + (9852 x standard 
deviation) + (1.3 x number of points) - (0.01 x sum of 
points) - (290 x variance) + (17462 x skewness) + (2391 x 
kurtosis) + (945 x median) - (1931 x range) + (1902 x 








Table C.13 Stepwise linear models developed for point cloud elevation histogram of Samolus repens. AGB 
(g). Bold indicates optimised model. 




AGB = -23 + (43 x median) 153 0.72 
(0.74) 
116 0.0003 
AGB = -38 - (47 x kurtosis) + (46 x median) 155 0.71 
(0.76) 
117 0.0016 





AGB = 115 - (272 x men) + (408 x skewness) + (351 x 




AGB = 125 - (261 x men) + (0.01 x number of points) + 




AGB = 4832 - (368 x mean) - (2216 x standard deviation) + 





AGB = 7191 - (370 x mean) - (3365 x standard deviation) 
+ (0.03 x number of points) + (407 x variance) + (901 x 








Table C.14 Stepwise linear models developed for point cloud elevation histogram of Sarcocornia 
quinqueflora. AGB (g). Bold indicates optimised model. 




AGB = -188 + (118 x median) 173 0.54 
(0.58) 
260 0.0040 
AGB = -159 - (602 x mean) + (726 x median) 171 0.64 
(0.70) 
230 0.0042 





AGB = -251 - (1712 x mean) + (929 x skewness) - (228 x 




AGB = -117 - (1472 x mean) - (646 x standard deviation) + 





AGB = 1291 - (1638 x mean) - (1771 x standard deviation) 
+ (186 x variance) + (1070 x skewness) + (1706 x median) 




AGB = 2208 - (1991 x mean) - (1979 x standard deviation) 
- (0.53 x number of points) + (252 x variance) + (2117 x 




AGB = 2998 - (2046 x mean) - (2073 x standard deviation) 
- (2.19 x number of points) + (0.2 sum of points) + (210 x 





AGB = 3003 - (1726 x mean) - (2154 x standard 
deviation) - (2.7 x number of points) + (0.2 x sum of 
points) + (167 x variance) + (2113 x skewness) - (824 x 








Measurement of wood specific gravity 
Wood specific gravity (g cm-3) was determined using samples from mangrove harvest 
data (Chapter 4). Samples of trunk and branch were oven dried at 105°C as per correct 
laboratory preparation for measuring wood specific gravity (Williamson and Wiemann, 
2010). Trunk and branch samples (approximately 20 g) were then weighed and placed 
into a known mass of water in a graduated cylinder. The quantity of water displaced by 
each sub-sample was recorded to estimate oven-dry wood specific gravity (Table B.1) 
(Pérez-Harguindeguy et al., 2013). 
Wood specific gravity of mangrove trunk and branch compartments varied with structure 
and species (Table C.15). Trunk specific gravity decreased from tall to dwarf mangrove, 
and was substantially higher in Avicennia than Aegiceras. Specific gravity of trunk and 
branch compartments were similar for all Avicennia structural forms, however Aegiceras 
trunk (0.65 ± 0.09 g cm-3) and branch (0.81 ± 0.11 g cm-3) compartments were 
considerably different.  
Table C.15 Carbon density and wood specific gravity of harvested mangroves for each vegetation structure. 
See Table B.1 for all harvest data. 
 Wood specific gravity (g cm-3) 
 Trunk Branch 
Tall mangrove 0.79 ± 0.05 0.76 ± 0.04 
Shrub mangrove 0.77 ± 0.05 0.70 ± 0.10 
Dwarf mangrove 
(Avicennia) 
0.74 ± 0.05 0.77 ± 0.08 
Dwarf mangrove 
(Aegiceras) 






Figure C.1 a) Example of strategic locations of scanner and positions of reflective targets to capture selected 





Appendix D: Supplementary material to Chapter 6 
Table D.1 Correction factors (m) and standard error for vegetation structural form at Minnamurra River 
and Currambene Creek. Note: sparse vegetation not present at Minnamurra River and reed saltmarsh not 
present at Currambene Creek. HGS; herbs, grasses and sedges. 
 Minnamurra River Currambene Creek 
Tall mangrove 0.66 ± 0.06 0.09 ± 0.03 
Shrub mangrove 0.70 ± 0.07 0.14 ± 0.01 
Dwarf mangrove 0.54 ± 0.05 0.18 ± 0.02 
Mixed 0.12 ± 0.02 0.11 ± 0.01 
Sparse n/a 0.11 ± 0.01 
Casuarina 0.17 ± 0.04 0.14 ± 0.06 
Reed 0.38 ± 0.07 n/a 
Rush 0.23 ± 0.05 0.08 ± 0.04 




Table D.2 Sediment characteristics for all saltmarsh core samples at Minnamurra River (mm) and 
Currambene Creek (cb). HGS; herbs, grasses and sedges. 
Structural 
form 













cb cbc-4 1.5 39 0.92 1.3 -15.6 
cb cbc-4 4.4 43 0.89 1.1 -15 
cb cbc-4 8.0 35 0.87 0.8 -17.1 
cb cbc-4 15.2 85 0.85 0.7 -14.5 
cb cbc-4 21.1 106 0.93 1 -16.4 
cb cbc-4 22.5 83 0.88 0.7 -17.6 
cb cbc-4 29.8 120 0.84 0.6 -15.9 
cb cbh-1 1.3 83 0.45 3.3 -23 
cb cbh-1 3.9 115 0.76 2 -20.1 
cb cbh-1 7.1 200 0.82 1.4 -15.3 
cb cbh-1 13.6 146 0.88 1.8 -5.1 
cb cbh-1 20.0 142 0.93 1 -14.3 
cb cbh-1 26.5 112 0.49 1.9 -24 
mm mmncl-2 1.4 61 0.44 7.2 -19.3 
mm mmncl-2 4.2 68 0.64 4.2 -20.6 
mm mmncl-2 7.6 64 0.60 2.9 -22.1 
mm mmncl-2 14.6 112 1.02 0.8 -24 
mm mmncl-2 18.8 107 1.00 0.7 -23.3 
mm mmncl-2 21.5 128 1.22 0.5 -19.4 





cb cbj-3 1.5 82 0.80 1.1 -22 
cb cbj-3 4.5 80 0.76 2.3 -22.5 
cb cbj-3 8.3 27 0.57 2.5 -21.8 
cb cbj-3 15.8 39 0.90 1.4 -23.2 
cb cbj-3 23.4 39 0.90 0.9 -22.7 
mm mmj-3 1.2 27 0.32 9.3 -25.2 
mm mmj-3 3.7 28 0.29 5.5 -25.2 
mm mmj-3 6.7 45 0.52 4.6 -25.2 
mm mmj-3 12.8 37 0.49 4.1 -25.6 
mm mmj-3 18.9 41 0.77 2.6 -26.5 





mm mmp-2 1.1 37 0.21 13.8 -24.4 
mm mmp-2 3.4 30 0.36 9 -22.2 
mm mmp-2 6.2 22 0.49 4.7 -22.6 
mm mmp-2 9.6 22 0.57 4 -25.1 
mm mmp-2 11.9 32 0.57 3.1 -25.6 
mm mmp-2 17.6 38 0.51 7.4 -26.5 
mm mmp-2 23.2 82 0.68 2.5 -26.4 




Table D.3 Sediment characteristics for all ecotone and Casuarina core samples at Minnamurra River (mm) 
and Currambene Creek (cb). 
Structural 
form 













cb cbmb-1 1.3 92 0.89 1 -16.8 
cb cbmb-1 3.9 47 0.81 1.6 -18.8 
cb cbmb-1 7.2 63 0.75 1.1 -18.5 
cb cbmb-1 13.8 97 0.59 0.9 -19.7 
cb cbmb-1 20.3 96 0.93 0.7 -11.5 





cb cbm-2 1.3 69 0.54 3.2 -24.4 
cb cbm-2 3.9 67 0.54 2.8 -23.6 
cb cbm-2 7.1 18 0.72 2.4 -23.1 
cb cbm-2 13.5 39 0.79 1.8 -24.1 
cb cbm-2 16.1 72 0.78 1.8 -23.2 
cb cbm-2 19.9 28 0.90 1.2 -23.4 
cb cbm-2 26.3 47 0.77 1.2 -22 
mm mmm-2 1.2 81 0.62 3.3 -26.3 
mm mmm-2 3.7 67 0.50 4.4 -25.8 
mm mmm-2 6.7 62 0.58 5.6 -26.4 
mm mmm-2 12.8 60 0.50 6.1 -26.1 
mm mmm-2 18.9 100 0.54 5.6 -26.3 
mm mmm-2 25.0 83 0.88 3.7 -26.2 
mm mmnm-3 1.2 79 0.66 3 -23.9 
mm mmnm-3 3.7 127 0.99 1.2 -20.6 
mm mmnm-3 6.8 118 0.85 2 -23.8 
mm mmnm-3 12.9 120 0.93 1.3 -24.9 
mm mmnm-3 19.0 93 1.20 0.8 -24.8 
mm mmnm-3 21.5 109 0.88 0.9 -24.4 







cb cbcas-3 1.3 50 0.21 16.6 -25.6 
cb cbcas-3 3.8 47 0.30 18 -25.5 
cb cbcas-3 7.0 42 0.22 12.7 -25.2 
cb cbcas-3 13.4 20 0.28 12.2 -25.1 
cb cbcas-3 19.7 76 0.49 5 -24.6 





Table D.4 Sediment characteristics for all mangrove core samples at Minnamurra River (mm) and 
Currambene Creek (cb). 
Structural 
form 












cb cbt-2 1.4 65 0.74 3.6 -26.2 
cb cbt-2 4.2 64 0.48 4.5 -26.4 
cb cbt-2 7.6 142 0.45 5.2 -25.5 
cb cbt-2 11.8 95 0.60 4.2 -25.5 
cb cbt-2 14.6 115 0.53 4.1 -25.2 
cb cbt-2 18.7 120 0.45 5.4 -24.9 
cb cbt-2 21.5 130 0.55 4.2 -25 
cb cbt-2 28.5 112 0.61 3.2 -24.7 
cb cbt-3 1.2 30 0.33 11.8 -26.2 
cb cbt-3 3.7 27 0.36 6.5 -26.1 
cb cbt-3 6.8 22 0.52 4.7 -25.5 
cb cbt-3 12.9 30 0.46 3.8 -25.2 
cb cbt-3 19.1 40 0.41 5.7 -25.5 
cb cbt-3 25.3 51 0.29 7.6 -25.7 
mm mmt-1 1.5 31 0.36 7.9 -25.5 
mm mmt-1 4.5 48 0.31 8.5 -25.5 
mm mmt-1 8.3 46 0.27 15.9 -24.6 
mm mmt-1 15.8 56 0.23 14 -24.8 
mm mmt-1 23.3 65 0.25 16.3 -24.8 
mm mmnt-3 1.3 115 0.74 3.2 -25.6 
mm mmnt-3 4.0 100 0.76 2.1 -25.3 
mm mmnt-3 7.4 62 0.51 3.2 -25.3 
mm mmnt-3 14.1 60 0.80 1.8 -25 
mm mmnt-3 19.5 92 0.39 3.2 -25.1 
mm mmnt-3 20.9 80 0.56 2.7 -25.1 





cb cbs-1 1.4 41 0.28 9.4 -26.1 
cb cbs-1 4.2 32 0.30 8.9 -26.3 
cb cbs-1 7.7 54 0.43 5.3 -25.8 
cb cbs-1 14.7 52 0.73 2 -25.3 
cb cbs-1 21.8 95 0.68 1.4 -25 
cb cbs-1 28.8 132 0.55 2.7 -25.1 
cb cbps-4 1.4 34 0.20 15.8 -26.3 
cb cbps-4 4.2 63 0.59 6.3 -25.8 
cb cbps-4 7.7 47 0.51 5.9 -25 
cb cbps-4 14.6 52 0.54 4 -24.8 
cb cbps-4 21.6 52 0.46 3.3 -24.8 
cb cbps-4 28.5 62 0.78 3.3 -25 
mm mms-1 1.1 68 0.55 5 -25.5 
mm mms-1 3.4 75 0.62 3.2 -25.5 
mm mms-1 6.2 90 0.55 3.8 -25.5 
mm mms-1 11.8 76 0.55 3.7 -25.4 







mm mms-1 23.1 53 0.42 4.5 -25.4 
mm mms-1 28.8 161 0.60 3.2 -25.4 
mm mmns-1 1.2 40 0.43 8.9 -26.3 
mm mmns-1 3.7 51 0.43 6.9 -26.2 
mm mmns-1 6.8 53 0.33 6.2 -26.3 
mm mmns-1 13.0 91 0.67 3.1 -25.9 
mm mmns-1 19.2 93 0.70 3.1 -26 





cb cbd-2 1.4 47 0.26 12 -26 
cb cbd-2 4.3 51 0.31 7.6 -25.4 
cb cbd-2 8.0 115 0.52 3.1 -24.8 
cb cbd-2 15.2 105 0.62 2 -24.5 
cb cbd-2 21.0 59 0.45 2.8 -24.5 
cb cbd-2 22.5 142 0.55 4 -24.5 
cb cbd-2 29.7 106 0.49 3.2 -24.5 
cb cbd-3 1.3 75 0.42 5.6 -25.9 
cb cbd-3 3.9 54 0.83 2.4 -25.8 
cb cbd-3 7.2 48 0.85 1.4 -24.8 
cb cbd-3 8.5 42 0.76 2 -23.9 
cb cbd-3 13.8 45 0.73 1.9 -24.2 
cb cbd-3 20.3 39 0.53 2.5 -25.1 
cb cbd-3 26.9 111 0.81 1.9 -25.8 
mm mmnd-2 1.4 49 0.37 9.4 -26.5 
mm mmnd-2 4.1 56 0.52 5.6 -26.1 
mm mmnd-2 7.5 74 0.56 3.5 -25.6 
mm mmnd-2 14.3 112 0.72 1.6 -24.8 
mm mmnd-2 21.1 129 1.05 0.8 -24 
mm mmnd-2 27.9 132 1.09 1.2 -23.6 
mm mmd-3 1.4 47 0.24 20.9 -27.9 
mm mmd-3 4.2 35 0.25 15.1 -26.8 
mm mmd-3 7.7 63 0.38 9.3 -26 
mm mmd-3 14.6 64 0.43 4.8 -26.1 
mm mmd-3 21.6 129 0.57 4.7 -25.6 
mm mmd-3 28.6 143 0.48 3.4 -25.2 
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